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All animals develop from a single cell to form a complex multicellular organism.  How 
this process occurs and is regulated remains a big question. Work from many organisms 
has shown that the graded distribution of signaling proteins is required for many steps in 
this process. Nodal proteins, which belong to the TGF- family of signaling proteins, play 
critical roles in vertebrate development. They serve as mesendoderm inducers in all 
vertebrates, and are involved in embryonic axis formation during development. Mis-
regulation of Nodal signaling in humans has been found to be associated with tumor 
metastasis. 
 
Zebrafish, Danio rerio, which is one of the most widely used vertebrate model organisms, 
has been used in this thesis for studying the mechanisms that regulate Nodal signaling. In 
zebrafish, there are three nodal homologs, cyclops (cyc), squint (sqt) and southpaw (spaw). 
Two nodal genes, sqt and cyc, have overlapping functions during mesoderm induction, but 
differ in their signaling range. Although Cyc and Sqt signals are believed to be transmitted 
via the same pathway which comprises the Activin type I and type II receptors, the co-
receptor One-eyed pinhead (Oep), and the intracellular effectors Smad 2/3, to activate 
downstream genes such as gsc and ntl. Sqt and Cyc elicit differential responses in target 
cells: Sqt acts at long-range whereas Cyc only affects the cells immediately adjacent to the 
source of the signal. Three models have been proposed to explain the mechanisms 
underlying the difference in signaling range: differential diffusivity, differential stability 
and differential binding affinity of Sqt and Cyc to their receptors. 
 
To test these models, the diffusivity and binding affinities were determined using 
Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Cross-Correlation 
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Spectroscopy (FCCS) while the stability was examined using conventional confocal 
imaging and biochemistry, in collaboration with Wang Xi. FCS analysis shows that Sqt 
and Cyc have similar diffusion coefficients. FCCS analysis revealed that Sqt has a two-
fold higher affinity as compared to Cyc for the receptor complex. Imaging and 
biochemistry analysis showed that Nodal stability is correlated to its range. These results 
suggest that differential stability is a major contributor to the differences in range and 
activity of Sqt and Cyc. 
 
To better analyze the functional differences of Nodals in zebrafish, a method that utilizes 
combinations of targeted nucleases to generate large deletions and RNA null mutants was 
developed. With this genome editing method, cyc and sqt RNA null mutants were 
generated. While generating these mutants, surprisingly, it was found that nuclease 
combinations have a significantly higher efficiency when compared to single nuclease pairs. 
These findings can enable researchers to study DNA regulatory elements and non-coding 
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Chapter 1      Introduction 
1.1 Nodal signaling pathway 
1.1.1 Rationale for this study 
Nodal proteins, which belong to the TGF-beta family of secreted growth factors, play 
critical roles in vertebrate development. They serve as mesendoderm inducers in all 
vertebrates, and are involved in embryonic axis formation during development (Shen, 
2007). Mis-regulation of Nodal signaling in humans has been found to be associated with 
tumor metastasis (Topczewska et al., 2006). Two Zebrafish Nodal related factors, Squint 
(Sqt) and Cyclops (Cyc), have overlapping functions during mesoderm induction, but differ 
in their signaling activities (Schier, 2009). Although Cyc and Sqt signals are believed to be 
transmitted via the same pathway which includes the Activin type I and type II receptors 
and Smad 2/3, to activate downstream genes such as gsc and ntl, Sqt acts at long-range 
whereas Cyc only affects the cells nearby. Mutations in cyc affect ventral neural tube fates, 
whereas sqt mutants have dorsal mesendoderm defects (Schier, 2009; Shen, 2007). 
However, how cells respond differentially to these signals in vivo is still unclear. Since 
conventional biochemical methods have been unable to address these questions, we are 
using FCS (Fluorescence Correlation Spectroscopy), FCCS (Fluorescence Cross-




Chapter 1      Introduction 
1.1.2 Nodal components 
1.1.2.1 Nodal ligands and their binding partners  
Nodal genes were initially found in mouse and later in a number of chordates as well as 
snails and sea urchin, but are absent in Drosophila and C. elegans (Schier, 2003). Though 
there is only one Nodal in human and mouse, three Nodals (Squint, Cyclops and Southpaw) 
are found in zebrafish and five are found in Xenopus (Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6) 
(Schier, 2003). 
 
The zebrafish nodal gene, cyclops (cyc), was initially isolated from embryos that have 
severe defects in medial floor plate and ventral forebrain development and cyclopia (Hatta 
et al., 1991). Prechordal plate defects, randomized left-right asymmetry and other 
abnormalities were also observed in cyc mutants (Hatta et al., 1991; Hatta et al., 1994; 
Odenthal et al., 2000; Thisse et al., 1994; Yan et al., 1995). A number of cyc alleles were 
generated in early years of zebrafish research through chemical and gamma-ray induced 
mutagenesis, including cycm294, cyctf219 and cycb16 (Brand et al., 1996; Hatta et al., 1991; 
Schier et al., 1996). Another zebrafish nodal gene, squint (sqt) was first identified in 
embryos with cyclopia and prechordal plate defects at the end of gastrulation (Heisenberg 
and Nusslein-Volhard, 1997). In sqt mutants, expressions of dorsal mesodermal marker 
genes are reduced, and the shield fails to form. Missing ventral diencephalon and cyclopia 
were also observed in sqt mutants (Feldman et al., 1998). Phenotypes of cyc;sqt double 
mutants, are much more severe than that in single mutants: not only the prechordal plate 
and notochord, but also most of other mesendodermal derivatives are missing (Feldman et 
al., 1998). This suggests that cyc and sqt have overlapping functions in prechordal plate, 
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Like most other factors in the TGF-superfamily, Nodal proteins are translated as 
precursors and function as dimers (Massagué, 1990). The cysteines close to the C-terminus 
of Nodal proteins are believed to form intermolecular di-sulfate bonds and thereby are 
essential for Nodal dimerization (Mason, 1994; Sampath et al., 1998). Interestingly, unlike  
TGF-Nodal precursors are cleaved by extracellular convertases Furin and Pace4, which 
recognizes R-X-(K/R/X)-R consensus sequences, to remove the pro-domain and thus 
activate the mature domain (Beck et al., 2002). Although convertase processing is essential 
for Nodal activation in zebrafish and mouse embryonic tissues (Beck et al., 2002; Le Good 
et al., 2005), the non-cleavable Nodal mutant still can activate the pathway in mouse extra-
embryonic ectoderm (Ben-Haim et al., 2006). 
 
Several other TGF-ligands, including mouse Growth differentiation factor-1 (GDF1) and 
GDF3 and their related frog and zebrafish ortholog Vg1, signal through the same pathway 
as Nodal (Andersson et al., 2007; Chen et al., 2006; Cheng et al., 2003; Karkera et al., 
2007; Thomsen and Melton, 1993). Genetic studies show that Nodal and GDF1 have 
overlapping and non-redundant roles (Andersson et al., 2006; Rankin et al., 2000). GDF1 
can also form heterodimers with Nodal to extend its signaling range (Tanaka et al., 2007). 
 
Lefty and Cerberus are extracellular inhibitors that antagonize Nodal signaling. Unlike any 
other TGF- members, Lefty is believed to act as monomer (Meno et al., 1996). Lefty can 
bind to Nodal and EGF-CFC co-receptors and thereby block Nodal signaling (Chen and 
Shen, 2004; Cheng et al., 2004). Cerberus and Cerberus-like proteins, such as Charon, 
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1.1.2.2 Receptor and co-receptors  
Nodal proteins bind to type I and type II activin receptors (Acvr1b; Acvr2a/b) which are 
serine/threonine kinases (Reissmann et al., 2001; Yan et al., 2002; Yeo and Whitman, 
2001). Unlike other TGF-β factors such as bone morphogenic proteins (BMPs) and TGF-
β, which prefer type I receptor binding (Kirsch et al., 2000; Wu and Hill, 2009), Nodal 
ligands binds to type II receptor with higher affinity (Massagué, 1998). The binding of 
Nodal to Acvr2a/b is required to let Acvr1b join the complex (Massagué, 1998). The 
assembly of the complex results in the phosphorylation and activation of both receptors. 
Moreover, epidermal growth factor-Cripto/FRL-1/Cryptic (EGF-CFC) family proteins, 
which are GPI-linked extracellular proteins, are also required for Nodal signaling (Agathon 
et al., 2001; Schier, 2003; Schier, 2009). For example, zebrafish one-eyed pinhead (oep) 
mutant embryos are resistant to Nodal overexpression (Gritsman et al., 1999). EGF-CFC 
proteins are found in human and mouse (Cripto and Cryptic) (Bianco et al., 2002; Ding et 
al., 1998; Dono et al., 1993; Muenke et al., 2000), chick (Cripto) (Colas and Schoenwolf, 
2000), frog (FRL-1) (Yabe et al., 2003) and zebrafish (One-eyed pinhead) (Schier et al., 
1997). It is believed that the EGF-CFC proteins act as co-receptors and binds to Nodal and 
Acvr1b (Cheng et al., 2004; Chu et al., 2005; Reissmann et al., 2001; Yeo and Whitman, 
2001). The EGF-CFC co-receptors are also found to be involved in ligand processing and 
trafficking (Blanchet et al., 2008a; Blanchet et al., 2008b; Constam, 2009; Jullien and 
Gurdon, 2005) 
 
1.1.2.3 Transcriptional regulators 
Smad2 and Smad3 are phosphorylated by type I receptor upon activation of Nodal 
signaling (Jia et al., 2008; Kumar, 2000; Massagué et al., 2005; Whitman, 1998). 
Phosphorylated Smads then form complexes with Smad4 and translocate to the nucleus 
(Massagué et al., 2005). In the nucleus, the Smad complex either directly binds to specific 
 6 
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DNA sequences, or bind with other transcription factors, and thereby activate Nodal target 
gene expression (Massagué, 1990, 1998). Transcription factors such as FoxH1 and Mixer 
can form complexes with Smad proteins to specify their targets and regulate the expression 
of Nodal target subsets (Chen et al., 1996; Germain et al., 2000; Hoodless et al., 2001; 
Takebayashi-Suzuki et al., 2003; Yamamoto et al., 2001).  
 
The Smad complex activity is regulated post-translationally: Smad2/3 is activated by 
phosphorylation and inhibited by phosphatases (Lin et al., 2006); Dephosphorylated 
Smad2/3 are exported from the nucleus by RanBP3 protein (Dai et al., 2009). Moreover, 
the ubiquitination and de-ubiquitination of Smad4 are also involved in Nodal signaling 
(Dupont et al., 2009; Dupont et al., 2005; Massagué et al., 2005). 
 
1.1.3 Nodal as morphogen 
“Morphogens are long-range signaling molecules that pattern developing tissues in a 
concentration-dependent manner” (Rogers and Schier, 2011). 
 
Zebrafish Nodal signals, Sqt and Cyc are morphogens with long- and short-range activity, 
respectively (Chen and Schier 2001). By ectopically expressing Sqt from a localized source, 
a large area of the surrounding tissue is induced, whereas expressing Cyc can only induce 
cells very close to the source (Chen and Schier, 2001). Moreover, Sqt expressing clones, 
in co-receptor mutant embryos that completely lack Nodal signaling, can still induce the 
wild-type cells transplanted at a distal place (Chen and Schier, 2001). This suggests that 
the long-range signaling of Sqt is direct but not a relay. The direct long-range signaling of 
Nodal during mesendoderm formation was further supported by the distribution of 
Xenopus Nodal protein Xnr2: when Xnr2-GFP was expressed from a localized source, the 
fluorescent protein can still be detected in the extracellular space of the non-expressing 
 7 
 
Chapter 1      Introduction 
tissue (Williams et al., 2004). Moreover, the long-range effect of Nodal signals can also be 
found during left-right specification. For example, when mouse Nodal was expressed in 
co-receptor mutant node cells, it still can induce Nodal target gene expression in the non-
responding cells of the lateral plate mesoderm (LPM) (Oki et al., 2007). Taken together, 
these finding strongly suggests that Nodal ligands have direct long-range effects.  
 
Nodal signals induce differential gene expression in a concentration-dependent manner. 
Previous studies have shown that there are at least two thresholds for Nodal-dependent 
gene activation: ntl (T/Brachyury) and floating head (Xnot) can be induced at low levels, 
whereas goosecoid (gsc) and casanova/sox32 can only be induced by high levels of Nodal 
signals (Gurdon and Bourillot, 2001; Schier and Talbot, 2005). Moreover, mutants that 
partially decrease Nodal activity leads to the loss of high threshold target gene expression 
(Dougan, 2003; Gritsman et al., 2000; Thisse et al., 2000; Vincent et al., 2003). Taken 
together, the direct long-range effect and the dose-dependent inductions confirm that nodal 
proteins are morphogens. 
 
1.1.4 Zebrafish as a model organism  
Zebrafish, Danio rerio, is a tropical freshwater fish that has an average life-span of 3.5 
years in a typical laboratory setting (Gerhard et al., 2002). Zebrafish was first introduced 
as a model organism for studying vertebrate genetics and development by George 
Streisinger. Due to its simple requirements for husbandry and developmental similarities 
to humans, it became a very popular model organism. Typically a female fish can produce 
more than 100 embryos per mating. Upon fertilization, the embryo develops quickly 
outside the mother and within 36 hours post fertilization (hpf), major organ precursors 
appear. The early embryo is optically transparent, thereby extremely suitable for in vivo 
fluorescent imaging techniques that track molecules or cells through development. 
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Moreover, the whole zebrafish genome sequence is available and a large number of 
mutations have been isolated, making it an ideal model to study the development and 
diseases of higher vertebrates with genetic approaches (Mullins et al., 1994). In addition, 
gene manipulation methods such as transposon transgenesis and recently developed 
engineered nuclease technology in zebrafish has further enhanced the capability and 
efficiency of precise studies of genes and regulatory elements (Kim and Kim, 2014; 
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1.2 Fluorescence Correlation Spectroscopy (FCS) and Fluorescence Cross-
Correlation Spectroscopy (FCCS) 
In this section, the principles of FCS and FCCS are introduced and the applications of 
FCS/FCCS are discussed. Detailed procedures, mathematical models and equations 
mentioned in this thesis can be found in section 6.1 in Appendix.   
 
1.2.1 Principle of FCS  
Fluorescence correlation spectroscopy (FCS) is a fluorescent-based assay that determines 
the biophysical properties of the molecule of interest by analyzing correlations of 
fluorescence intensity fluctuations. It is widely used to study various biophysical processes 
such as local concentrations, diffusion coefficients and photo-dynamics (Liu et al., 2008).  
 
Intensity fluctuations of fluorescence can be induced by fluorescent particles moving in 
and out of the observation volume, or by any process that changes the fluorescence property 
of the fluorophore during its residence time. FCS extracts useful information by 
quantifying the duration and magnitude of these fluctuations in autocorrelation analysis 
when a thermal equilibrium status is reached in the defined observation volume.  
 
In a FCS measurement, the trace of the fluorescence intensity is recorded when a 
fluorescent particle moves through the observation volume. Any process within the 
observation volume that causes variations in the fluorescence intensity in the detectable 
time scale will leave characteristic fluctuations in the intensity trace. The intensity trace is 
then processed and analyzed by its temporal autocorrelation. During the autocorrelation 
transformation, the intensity trace is correlated with a time-shifted replica of itself at 
different time shifts. The correlation of the intensity trace starts from its highest value at 
shift time 0. The correlation decreases as shift time increases, reflecting the increased 
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dissimilarity between the shifted and original trace. The characteristic features of the 
fluctuations are reflected in the correlation curve, and therefore provide information of the 
underlying processes. For example, the speed of the fluorescent particles when moving 
through the observation volume is reflected by the width of the correlation curve. Moreover, 
the magnitude of the fluctuation that is always anti-correlated with number of particles (N) 
dwelling in the observation volume is reflected by the amplitude of the correlation curve. 
Therefore, the amplitude of the correlation curve can be used to determine local particle 
concentrations. However, to extract this information correctly and accurately from the 
background noises, appropriate mathematical models are required to fit the experimental 
data. 
 
1.2.2 Principle of FCCS 
Though FCS can be applied to detect molecular interactions in certain scenarios, it requires 
significant diffusion time changes after the changes of binding status of the molecules. 
However, in many occasions, such as determining the binding of two morphogens, the 
changes of the diffusion time are insignificant. Therefore, a better approach is demanded. 
 
As an extension of FCS, FCCS uses two fluorophores with distinct spectrums to label two 
particle species and thereby their interaction could be traced. Both single- and multiple 
laser beams can be used to excite the two fluorophores  (Hwang and Wohland, 2005; 
Schwille et al., 1997), and emitted photons from the fluorophore are split and detected 
according to their spectrums. In FCCS measurement, if two labeled molecules bind to each 
other, they will pass through the observation volume as a complex, and this concurrent 
movement will be reflected by the correlated fluctuations from both channels. An elevated 
cross-correlation function (CCF) will be observed when the concurrent fluctuations from 
both channels are cross-correlated. 
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1.2.3 Applications of FCS/FCCS  
FCS/FCCS have a typical time resolution at nanoseconds, and the whole measurement in 
general only takes a few seconds to a few minutes to finish. The high time resolution and 
short measurement duration of FCS enables researchers to monitor diffusions of molecules 
or large particles (Banks and Fradin, 2005; Gosch et al., 2000; Mets and Rigler, 1994; Pan 
et al., 2009; Schwille et al., 1999; Weiss et al., 2003), and fast processes such as triplet 
state dynamics, chemical reactions and photophysics of fluorescent proteins (Haupts et al., 
1998; Widengren et al., 1995; Widengren et al., 1994).  
 
FCS/FCCS are highly sensitive techniques which requires very low concentration (1 nM 
to 1 µM) of fluorescently labeled molecules to quantify molecular dynamics and 
interactions. These features make it a powerful tool to study biological questions in vivo. 
FCS/FCCS techniques have been applied in various organelles in different cell lines (Ries 
and Schwille 2012). Recently, this technique has also been applied in many living 
organisms including C. elegans, Drosophila, Medaka, Zebrafish, and mouse embryos 
(Bhattacharya et al., 2009; Kaur et al., 2013; Nagao et al., 2008; Petrášek and Schwille, 
2008; Ries et al., 2009; Yu et al., 2009a).  
 
Zebrafish embryos are a very good system to perform FCS/FCCS measurements: they are 
transparent, easy to manipulate and can be easily acquired with large quantity. Previous 
studies have been successfully applied to determine the gradient, diffusion and the 
receptor-binding properties of fibroblast growth factor 8 (Fgf8) in early zebrafish embryos 
(Ries et al., 2009; Yu et al., 2009a). Therefore, in this thesis, FCS and FCCS were used to 
study the dynamics and interactions of Nodal proteins in living zebrafish embryos. 
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1.3 Targeted genome editing 
Targeted genome editing is a broadly applicable technology for efficiently modifying 
predetermined DNA sequences in living cells or organisms. This technology relies on the 
use of customizable nucleases, which binds to a desired DNA sequence in the genome and 
cleaves the DNA in a site-specific manner. These cleavages cause DNA double-strand 
breaks (DSBs) at specific sites, which can be repaired in eukaryotes by non-homologous 
end joining (NHEJ) or homology directed repair (HDR). DNA alterations are then 
introduced during the repairing process. Targeted genome editing enables researchers to 
perform reverse genetic studies which were difficult or impossible with traditional genetic 
tools such as chemical, gamma-ray or retrovirus induced mutagenesis. This technology 
also provides therapeutic opportunities for patients with genetic disorders or acquired 
diseases, such cystic fibrosis and chronic granulomatous disease (Kobelska-Dubiel et al., 
2014; Tovey and Lallemand, 2011). 
 
1.3.1 Zinc Finger Nucleases (ZFNs) 
The idea of ‘genome editing’ was first tested in Drosophila melanogaster with ZFNs, six 
years after the first ZFNs were assembled (Bibikova et al., 2002; Kim et al., 1996). This 
technology was then quickly applied in cells and whole organisms from different species 
(Gaj et al., 2013; Perez-Pinera et al., 2012; Segal and Meckler, 2013; Urnov et al., 2010). 
Using ZFNs, various types of genomic alterations can be introduced, including nucleotide 
substitutions, insertions, deletions, inversions, translocations and duplications (Joung and 
Sander, 2013; Urnov et al., 2010), enabling researchers to perform complex and precise 
genetic manipulations. Moreover, ZFNs have potential therapeutic applications. For 
instance, ZFNs designed to disrupt CCR5 (chemokine receptor 5) to treat HIV/AIDS are 
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ZFNs are essentially artificial nucleases in which a DNA-binding domain is fused to a non-
specific DNA-cleavage domain from the FokI restriction endonuclease (Kim et al., 1996). 
The DNA-binding domain is composed of a series of zinc finger proteins (ZFPs). The co-
crystal structure of ZFP bound to its target DNA shows that the interaction are modular 
and each zinc finger interacts independently with a 3bp DNA sequence (Pavletich and Pabo, 
1991; Segal et al., 2003). Theoretically, ZFN can be designed to recognize any particular 
stretch of DNA in a sequence specific manner, if all the 64 ZFPs that cover all possible 
combinations of triplet sites can be found. Unfortunately, there is no open source collection 
that has all the 64 ZFPs and moreover the binding affinity and specificity of each ZFP to 
its target varies (Kim and Kim, 2014). Thus, it is challenging to construct ZFNs which have 
low toxicity and high activity. Successful ZFN target sites are often G rich sequences and 
contain 5’-GNN-3’ repeats. On an average, a successful ZFN target site can only be  found 
approximately every 100bp of DNA sequence (Kim et al., 2009). Therefore, the discovery 
of transcription activator like effector (TALE) generated great interest and excitement 
owing to its ability to target almost any sequences in the genome. 
 
1.3.2 The Transcription Activator-Like Effector Nucleases (TALENs) 
Like ZFNs, transcription activator-like effector nucleases (TALENs) also contain a 
customizable DNA-binding domain and a non-specific nuclease domain from FokI.  
 
1.3.2.1 The DNA-binding domains of the Transcription Activator-Like Effector 
(TALE)  
The engineered DNA-binding domains of TALENs are built using blocks derived from 
naturally occurring TALEs that are secreted by the proteobacteria Xanthomonas spp. These 
TALEs are highly conserved repeat domains that bind to genomic DNA and alter the target 
transcription in host cells (Boch and Bonas, 2010). The DNA-binding domain consists of 
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arrays of highly conserved 33-35 amino acid repeats and flanking regions derived from 
TALEs at both amino-terminal and carboxy-terminal ends. All the repeats share the same 
amino acid sequence except the 12th and 13th amino acids, which are known as repeat 
variable diresidue (RVD) and are responsible for recognizing and binding to a specific 
single DNA base pair (Joung and Sander, 2013). 
 
The first experimental evidence of this repeat-base pair recognition was provided by the 
Bonas lab in 2009 (Boch et al., 2009). The interesting fact that the length of the target 
sequence almost corresponds to the number of repeats in the TALE array encouraged them 
to propose and test an idea that each TALE repeat recognizes a single DNA base pair. 
Moreover, a thymine is always found upstream of the first base recognized by the TALE 
arrays in their study. Based on the correlations between the repeats and their target bases, 
the first engineered TALE arrays with novel specific target DNA were synthesized (Boch 
et al., 2009). This correlation of a TALE repeat to its base pair recognition has also been 
confirmed by analyzing the binding specificities of naturally occurring TALEs using a 
computational approach (Moscou and Bogdanove, 2009). Co-crystal structure of the TALE 
DNA-binding domain bound to its target DNA show that the repeats form a left handed v-
shaped double helix stack and the RVD is positioned at the DNA major groove. The 8th 
and 12th residue of each repeat interact with each other and possibly stabilize the structure, 
whereas the 13th residue provide specificity to the binding of respective DNA base (Deng 
et al., 2012; Mak et al., 2012). 
 
Most of the published TALE arrays were having four repeats that contain NN, NI, HD and 
NG RVDs to recognize guanine (G), adenine (A), cytosine (C) and thymine (T), 
respectively. Though the repeat containing RVD NK was reported to have higher 
specificity to recognize G (NN can bind to A or G), arrays assembled with NK show much 
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lower activity compared to that made of NN repeats (Huang et al., 2011; Miller et al., 2011; 
Moscou and Bogdanove, 2009; Streubel et al., 2012). More recently, a repeat with RVD 
NH was found to have higher specificity for guanine than the NN repeat without losing 
much activity (Cong et al., 2012; Streubel et al., 2012). In addition, like ZFNs, TALENs 
are sensitive to DNA methylations (Bultmann et al., 2012). This problem, however, can be 
resolved by substituting HD repeats with N* repeats that lacks the second RVD and thereby 
allow the methyl group to fit in (Valton et al., 2012). 
 
1.3.2.2 The FokI nuclease domain  
The nuclease domain of TALEN is derived from the restriction enzyme FokI, which is 
naturally found in Flavobacterium okeanokoites. FokI is a bacterial type IIS restriction 
endonuclease with a DNA-binding domain at amino-terminus and a non-specific DNA-
cleavage domain at the carboxy-terminus (Podhajska and Szybalski, 1985). Since the 
nuclease domain of FokI must dimerize to cleave DNA, two TALEN monomers are 
required to form an active nuclease. Each monomer must bind to adjacent half-sites that 
are separated by spacers with a length between 12 to 31bp depending on the TALEN 
scaffolds (Huang et al., 2011; Miller et al., 2011; Moscou and Bogdanove, 2009; Streubel 
et al., 2012). This requirement doubles the length of TALEN recognition sites and therefore 
reduces off target effects. However, there are chances that the same TALEN monomers 
bind to adjacent repetitive sites and form homodimers, which causes unwanted off-target 
effects (Miller et al., 2007; Szczepek et al., 2007). Therefore, the dimeric interface of the 
nuclease domain was engineered to avoid the homodimer formation (Miller et al., 2007; 
Szczepek et al., 2007), which significantly increased TALEN specificity and subsequently 
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1.3.3 RNA-Guided Nucleases (RGN) 
RNA-guided nucleases derived from clustered, regularly interspaced, short palindromic 
repeat (CRISPR)-CRISPR-associated (Cas) nucleases are one of the most recent 
technologies for targeted genome editing. The CRISPR-Cas system, which is found in 
bacteria and archaea, provides the host adaptive immunity against phage and plasmid 
invasions (Mali et al., 2013). The bacteria and archaea capture small DNA fragments and 
insert these sequences into the CRISPR loci of their own genomes. The target-specific 
CRISPR RNAs (crRNA) are transcribed and processed from the CRISPR regions in Type 
II CRISPR systems. Target-independent trans-activating crRNA (tracrRNA) is also 
transcribed from the same locus and involved in crRNA maturation (Deltcheva et al., 2011). 
Both crRNA and tracrRNA are required to form a complex with Cas9 to activate its 
nuclease activity to cleave DNA. crRNA and tracrRNA can be engineered into a single-
chain guide RNA (sgRNA) (Jinek et al., 2012), which reduces the complexity of using 
RGNs.  
 
RGNs recognize a 23bp target DNA sequence, in which the first 20bp at the 5’ of the target 
are recognized by the crRNA or sgRNA while the last 3bp 5’-NGG-3’ (or 5’-NAG-3’) 
(which is known as protospacer adjacent motif (PAM)) is recognized by Cas9 itself (Hsu 
et al., 2013; Mojica et al., 2009). Therefore, the target sequence of RGNs is in 5’-X20NGG-
3’ (or 5’-X20NAG-3’) format. Since a guanine (G) at the 5’ end of the target sequence is 
required for the efficient transcription of sgRNA or crRNA, the targetable sequences are 
further limited. However, recent studies show that by adding one or two additional Gs at 
the 5’ end of the target sequence, this limitation can be circumvented without losing 
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Unlike ZFNs and TALENs, RGNs can be generated easily since the target recognitions is 
achieved by only RNAs instead of tandem arrays of proteins which requires more effort to 
assemble. Moreover, RGNs are insensitive to DNA methylation which is added advantage 
over ZFNs and TALENs (Hsu et al., 2013). However, further engineering is required to 
eliminate the substantial off-target effects of RGNs (Fu et al., 2013; Hsu et al., 2013; Mali 
et al., 2013; Pattanayak et al., 2013).   
 
1.3.4 Nuclease-induced DNA repair and DNA alteration 
The nuclease-induced DSBs can be repaired by either non-homologous end joining (NHEJ) 
or homology directed repair (HDR) (Kim and Kim, 2014). NHEJ is believed to be the 
predominant mechanism that repairs DSBs by directly ligating the broken DNA ends 
without the need for a homologous template. The broken ends are blunted before the re-
ligation process happens. Though NHEJ can repair damaged DNA, errors might be 
introduced as it does not use any homologous reference (O'Driscoll and Jeggo, 2006). HDR 
repairs DSBs in accordance with a reference DNA with homologous sequences and thereby 
the damage is generally repaired accurately (Barzel and Kupiec, 2008). Homologous 
recombination (HR) can occur without the DSBs but it has been shown that the efficiency 
of HR can be enhanced by at least 2-3 orders of magnitude when nuclease-induced DSBs 
are introduced (Rouet et al., 1994). 
 
A large number of studies have demonstrated that NHEJ mediated or homology-directed 
normal cellular repair of nucleases-induced DSBs can be utilized to introduce targeted 
genome modifications in a wide range of organisms and cell types (Joung and Sander, 2013; 
Kim and Kim, 2014; Mali et al., 2013; Urnov et al., 2010). Introducing multiple nucleases 
targeting two or more sites to induce chromosomal deletions, inversions and translocations, 
has also been tested in several organisms as well as human cell lines (Joung and Sander, 
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2013; Kim and Kim, 2014). However, generating heritable chromosomal deletions with 
multiple nucleases in zebrafish has not been reported, before we started this study. 
Moreover, engineered nuclease-mediated genome targeting that specifically abolishes 
expression of a particular transcript had not been reported in any organism. Therefore, in 
this study, a simple strategy that uses combinations of TALEN pairs to delete whole locus 
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2.1 Zebrafish maintenance and embryo manipulation 
All the zebrafish were maintained at Temasek Life Sciences Laboratory under standard 
conditions described by Monte Westerfield (Westerfield, 2000). The experimental 
procedures involving adult zebrafish and embryos were carried out under the Institutional 
Animal Care Use Committee guidelines. Adult fish were maintained at 26.5°C in a 
circulating water system and embryos were raised at 28.5°C. 
 
2.1.1 Microinjecting into zebrafish embryos  
Needles with fine tips for microinjection were pulled from glass micro-capillaries using a 
Micropipette puller (Sutter Instruments P-97 Flaming/Brown). Micro-capillaries with an 
inner diameter (I.D.) of 0.58 mm (Standard Wall Borosilicate Tubing with filament, outer 
diameter (O.D.) of 1.0 mm, Sutter Instruments, Cat# BF100-58-10) and I.D. of 0.75 mm 
(Thin Wall Borosilicate Tubing without filament, O.D. of 1.0 mm, Sutter Instruments, 
Cat#B100-75-10) were used to make the needles for 1-cell stage embryo injections and 
single cell injection at the 32 to 128-cell stage respectively. The needle was filled from the 
rear using Microloader Tips (Eppendorf, Cat#930001007) and fitted to a micromanipulator 
(Narishige) which was attached to a pressure microinjection system (Harvard Apparatus, 
Cat#PLI-90). The tip of the needle was opened with a sterile surgical blade and the injection 
drop size was determined by measuring its diameter on a micrometer under 
stereomicroscope. For 1-cell-stage injections, the drop size was adjusted to 2 nL (diameter 
~0.16 mm). The injection was done by following the procedure described in The Zebrafish 
Book (Chapter 5) (Westerfield, 2000). For single cell injections at the 32 to 128-cell stage, 
the embryos were dechorionated before injection and the drop size was adjusted to 50 pL 
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2.1.2 Testing overall activities of the Nodal fusion proteins 
Five nanograms of the RNA encoding Nodal or Nodal fusion proteins with 0.25% phenol 
red (Sigma, Cat#P0290) was injected into the yolk of 1-cell stage AB wild type embryos 
and incubated at 28.5°C. Control RNA injected embryos from the same batch were used 
as negative controls and as reference for staging. When control embryos reached the 50% 
epiboly stage, they were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C for at least 
24 hours. The embryos were subjected to RNA in situ hybridization to detect gsc and ntl 
expression levels as previously described (Le Good et al., 2005; Muller et al., 2012; Tian 
et al., 2008).  
 
2.1.3 Generating Nodal/Lefty expressing clones 
Embryos were dechorionated and allowed to grow to the 32 to 64-cell stage in 30% 
Danieau’s solution. After that, 2.5-10 pg of capped RNA encoding Sqt, Cyc, Lefty1 or 
Lefty2 -EGFP fusion was injected into a single cell and the embryos were incubated at 
28.5°C until 30% epiboly stage. The embryos were mounted on glass bottom dishes (World 
Precision Instruments, Cat#FD3510-100) in 0.75% low melt agarose (in 30% Danieau’s 
solution) for confocal imaging and FCS/FCCS measurements. 
 
2.2 Molecular biology methods 
2.2.1 Cloning strategies 
DNA fragments used for cloning were amplified by Polymerase Chain Reaction (PCR) 
with Phusion Polymerase (New England Biolabs, NEB, Cat#M0530L). These fragments 
were gel purified with QIAquick Gel Extraction Kit (Qiagen, Cat#28706), digested with 
restriction enzymes and cleaned up with QIAquick PCR Purification Kit (Qiagen, 
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pCS2+ vector was digested with desired restriction enzymes, purified with QIAquick Gel 
Extraction Kit (Qiagen, Cat#28706) or QIAquick PCR Purification Kit (Qiagen, 
Cat#28106), dephosphorylated with rAPid Alkaline Phosphatase (Roche, 
Cat#04898133001) and ligated with the DNA fragment using Rapid DNA Ligation Kit 
(Roche, Cat#11635379001), following manufacturers’ instructions.  
 
Ligated products were transformed into XL1-blue (Stratagene) competent cells, plated on 
2X YT agar with appropriate antibiotics and grown overnight at 37°C. Positive clones were 
selected by colony PCR with GoTaq Flexi DNA Polymerase (Promega, Cat#M829) and 
appropriate primers. Positive clones were inoculated and plasmids were extracted with 
QIAprep Spin Miniprep Kit (Qiagen, Cat#27106) or Plasmid Plus Midi Kit (Qiagen, 
Cat#12945).  
 
Point mutations on pCS2-cyc were introduced by site directed mutagenesis following the 
protocol described in a previous study (Kunkel, 1985). The Phusion polymerase was used 
to amplify the plasmids and DpnI restriction enzyme (NEB, Cat#R0176L) was used to 
digest the template. Positive colonies were selected by colony PCR and sequencing. 
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2.2.1.1 Generating Nodal related constructs  
DNA fragments encoding Nodal, Lefty and Acvr2b were amplified from cDNAs of 12 
hours post fertilization (hpf) embryos from AB wild type crosses. The fragments were 
cloned into the pCS2+ vector with Kozak sequence “GCCACC” at 5’ of the start codon.  
 
Fragments encoding Enhanced Green Fluorescent Protein (EGFP) and mCherry were 
amplified from pEGFP-N1 and pmCherry-N1 (Clontech), respectively. Fragments 
encoding 3xFLAG (DYKDHDGDYKDHDIDYKDDDDK) tag were generated by 
annealing two complementary DNA oligos. 
 
Cyc and Cyc mutant constructs 
A fragment encoding Cyclops was amplified using primers with restriction site BglII and 
SalI at each end. The Fragment was cloned into pCS2+ vector via BamHI and XhoI 
restriction sites to generate untagged Cyclops construct. Cyclops mutant (R314Q G414R, 
R429C and L438F) constructs were generated by site directed mutagenesis (Shortle et al., 
1981) using the untagged Cyclops construct as template. 
 
After introducing ClaI and EcoRI sites in the untagged constructs, fragments encoding 
EGFP or 3xFLAG were inserted four amino acids downstream of the Furin cleavage site 
(RRGRR) between the pro- and mature domains of Cyclops to generate fusion constructs.  
 
Cyclops2 fusion constructs were generated by replacing the pro-domain of Cyclops 
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Squint and Squint fusion constructs 
A fragment encoding Squint was amplified and cloned into pCS2+ vector via BamHI and 
XhoI restriction sites to generate the untagged Squint construct. After introducing ClaI and 
EcoRI restriction sites in the untagged constructs, fragments encoding EGFP, mCherry or 
3xFLAG were inserted one amino acid downstream of the Furin cleavage site (RRHRR) 
between the pro- and mature domains of Squint to generate Squint fusion constructs. 
Squintcyc2 fusion constructs were generated by replacing the pro-domain of squint fusion 
constructs with the pro-domain amplified from the pCS2-sqtcyc2 construct (Tian et al., 2008). 
 
Lefty and Lefty fusion constructs 
Fragments encoding Lefty1 and Lefty2 were amplified and cloned into pCS2+ vector via 
ClaI and XhoI restriction sites to generate untagged Lefty1 and Lefty2 constructs, 
respectively. Fragments encoding Lefty without stop codons were inserted into pCS2+ 
vector via ClaI and XhoI sites, followed by EGFP, mCherry or 3xFLAG insertion via XhoI 
and XbaI sites, to generate Lefty fusions. 
 
Acvr2b and Acvr2b fusion constructs 
Fragments encoding full length Acvr2b and Acvr2b without kinase domain (189-509aa) 
were amplified using primers with restriction site BglII and XhoI at each end. The 
Fragment was cloned into pCS2+ vector via BamHI and XhoI sites to generate untagged 
full length Acvr2b or Acvr2b-kinase construct. Fragments encoding EGFP or mCherry 
were fused to the C-terminus of the full length Acvr2b or Acvr2b-kinase and cloned into 
pCS2+ vector to generate Acvr2b fusions. 
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Secreted GFP/mCherry constructs 
Fragments encoding Squint pro-domain and fluorescent proteins were sequentially cloned 
into pCS2+ via BamHI/ClaI and ClaI/EcoRI respectively, to generate secreted fluorescent 
protein constructs. Fluorescent proteins were inserted one amino acid downstream of Furin 
cleavage site (RRHRR).  
 
The sec-mCherry-EGFP construct, which was used as a positive control in the FCCS 
measurements to determine the binding affinities, contains a fragment that encodes both 
mCherry and EGFP fluorescent proteins, and a 14 amino acid linker peptide with the 
sequence GGAGGAGGSRMGTG that links the mCherry and EGFP protein. The fragment 
encoding mCherry-linker-EGFP was amplified from pXJ40-mCherry-EGFP plasmid (Gift 
from Xianke Shi, Thorsten Wohland Lab) and fused to the C-terminus of Squint pro-
domain one amino acid downstream of Furin cleavage site (RRHRR).  
  
To generate 3xFLAG tagged secreted EGFP construct, EGFP with a secretion signal was 
amplified from the secegfp plasmid (gift from Brand Lab) (Yu et al., 2009g). The 3xFLAG 
tag sequence was attached to the 3’ end of sec-egfp sequence by tandem PCR and the 
construct was cloned into the pCS2+ vector via BamHI and XhoI sites.
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Table 2.1 Nodal related constructs 
Ref. Name Cloning strategy 
Untagged cyc & cyc mutant constructs 
C1-1 pCS2-cyc cyclops CDS was amplified from pCS2-Cyclops(C0) (Tian Jing, 2008) 
C1-3 pCS2-cyc G414R Generated by site directed mutagenesis form C1-1 
C1-4 pCS2-cyc R429C Generated by site directed mutagenesis form C1-1 
C1-5 pCS2-cyc L438F Generated by site directed mutagenesis form C1-1 
C1-6 pCS2-cyc R314Q Generated by site directed mutagenesis form C1-1 
GFP tagged cyc & cyc mutant constructs 
C2-1 pCS2-cyc-egfp 
Cyclops pro and mature domain CDS were amplified from C1-1 and sequentially cloned into pCS2+ 
with EGFP.  
C2-2 pCS2-cyc2-egfp Cyclops pro-domain on C2-1 was replace by fragment amplified from C118-2 (Tian Jing, 2008)  
C2-3 pCS2-cyc G414R-egfp Generated by site directed mutagenesis form C2-1 
C3-4 pCS2-cyc R429C-egfp Generated by site directed mutagenesis form C2-1 
C2-5 pCS2-cyc L438F-egfp Generated by site directed mutagenesis form C2-1 
C2-6 pCS2-cyc R314Q-egfp Generated by site directed mutagenesis form C2-1 
3xFLAG tagged cyc & cyc mutant constructs 
C3-1 pCS2-cyc-3xFLAG EGFP on C2-1 was replaced with 3xFLAG sequence 
C3-2 pCS2-cyc2-3xFLAG EGFP on C2-2 was replaced with 3xFLAG sequence 
C3-3 pCS2-cyc G414R-3xFLAG EGFP on C2-3 was replaced with 3xFLAG sequence 
C3-4 pCS2-cyc R429C-3xFLAG EGFP on C2-4 was replaced with 3xFLAG sequence 
C3-5 pCS2-cyc L438F-3xFLAG EGFP on C2-5 was replaced with 3xFLAG sequence 
C3-6 pCS2-cyc R314Q-3xFLAG EGFP on C2-6 was replaced with 3xFLAG sequence 
sqt & sqt mutant constructs 
S1-1 pCS2-sqt sqt CDS was amplified from 50%epiboly stage ABix embryo cDNA and cloned into pCS2+ 
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S1-2 pCS2-sqt-egfp Sqt pro and mature domain were amplified from S1-1 and sequentially cloned into pCS2+ with EGFP 
S1-3 pCS2-sqt-mCherry EGFP in S1-2 was replaced with mCherry 
S1-4 pCS2-sqt-3xFLAG EGFP in S1-2 was replaced with 3xFLAG tag sequence 
S1-5 pCS2-sqtC2-egfp sqt pro-domain in S1-2 was replaced with the fragment amplified from S89 (Tian Jing, 2008) 
S1-6 pCS2-sqtC2-3xFLAG EGFP in S1-5 was replaced with 3xFLAG 
S1-7 pCS2-sqtpro-egfp Mature domain was removed from S113 (pCS2-Sqt-EGFP, by WY) 
S1-8 pCS2-sqtpro-mCherry Mature domain was removed from S114 (pCS2-Sqt-EGFP, by WY) 
S1-9 pCS2-sqtpro-egfp-mCherry 
EGFP sequence in S1-7 was replaced by a fragment amplified from pXJ40-mCherry-EGFP (DNA from 
Xianke Shi, Thorsten Wohland Lab) that contains mCherry-Linker-EGFP sequence 
Secretion GFP with FLAG tags 
S2-1 pCS2-sec-egfp-FLAG 
1xFLAG tag sequence was add to the 3' end of the PCR product that amplified from pCS2-sec-EGFP 
(Gift from Brand Lab, Shuizi Rachel Yu et al., 2008) 
S2-2 pCS2-sec-egfp-3xFLAG 
3xFLAG tag sequence was add to the 3' end of the PCR product that amplified from pCS2-sec-EGFP 
(Gift from Brand Lab, Shuizi Rachel Yu et al., 2008) 
lefty1 constructs 
L1-1 pCS2-lft1 lefty1 CDS was amplified from AB ix embryo 1dpf cDNA and cloned into pCS2+   
L1-2 pCS2-lft1-egfp EGFP was added to the C-terminal of Lefty1 on L1-1 
L1-3 pCS2-lft1-mCherry mCherry was added to the C-terminal of Lefty1 on L1-1 
L1-4 pCS2-lft1-3xFLAG 3xFLAG tag was added to the C-terminal of Lefty1 on L1-1 
lefty2 constructs 
L2-1 pCS2-lft2 lefty2 CDS was amplified from AB ix embryo 1dpf cDNA and cloned into pCS2+   
L2-2 pCS2-lft2-egfp EGFP was added to the C-terminal of Lefty2 on L2-1 
L2-3 pCS2-lft2-mCherry mCherry was added to the C-terminal of Lefty1 on L2-1 
L2-4 pCS2-lft2-3xFLAG 3xFLAG tag was added to the C-terminal of Lefty1 on L2-1 
acvr2b & acvr2a recpetor constructs 
A1-1 pCS2-acvr2b dk-mCherry EGFP was added to the C-terminal of acvr2b-k on A1-3 
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A1-2 pCS2-acvr2a dk-mCherry mCherry was added to the C-terminal of acvr2a-k 
A1-3 pCS2-acvr2b-dk 
CDS of acvr2b without Kinase domain was amplified from  AB ix embryo 12hpf cDNA and cloned into 
pCS2+   
A1-4 pCS2-acvr2b Full length CDS of acvr2b was amplified from  AB ix embryo 1dpf cDNA and cloned into pCS2+   
A1-5 pCS2-acvr2b-egfp EGFP was added to the C-terminal of acvr2b on A1-4 
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2.2.1.2 Generation of TALEN constructs 
The TALEN target sites were selected using TALEN Targeter (https://tale-
nt.cac.cornell.edu/node/add/talen-old) (with custom settings:  Spacer Length: 15-30, 
Repeat Array Length: 15-26, Upstream Base: T only, and Require a T at position N) and 
examined for off target sites using Paired Target Finder (https://tale-
nt.cac.cornell.edu/node/add/talef-off-paired) (Cermak et al., 2011; Doyle et al., 2012). The 
selected egfp, sqt and cyc TALEN target sites are listed in Table 2.2. 
 
The TAL effector repeat arrays were constructed from four single unit vectors (pA, pT, 
pGNN and pC, gifts from the Zhang Lab in Peking university) using the “Unit Assembly” 
method (Huang et al.; Huang et al., 2011). The assembled repeat arrays were inserted into 
the pCS2-FokI vectors (gifts from the Zhang Lab) to generate TALEN constructs which 
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Table 2.2 TALEN target sites 
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2.2.2 Capped mRNA and DIG labeled antisense probe synthesis 
All capped mRNAs were transcribed in vitro from 2.0 g of DNA per 40 L reaction from 
the respective NotI (NEB, Cat#R0189L) linearized plasmids, with mMessage mMachine 
SP6 Kit (Life Technologies, Cat#M1340). For each capped mRNA, 40 L transcription 
reaction were set following the manufacturer’s instruction and template DNA was removed 
by DNAase I treatment. Synthesized RNA was purified by P-30 Gel column (Bio-Rad, Cat 
#732-6231) to remove un-incorporated nucleotides and subjected to phenol-chloroform 
extraction to remove proteins and residual free nucleotides. The RNA was eventually 
precipitated using isopropanol and resuspended in RNase free water. The concentration of 
the RNAs was determined by Nanodrop spectrophotometers and verified by agarose gel 
electrophoresis.  
 
DIG labeled antisense RNA probes for in situ hybridization were synthesized from 
linearized plasmids in a 50 L reaction:  
1 g Linearized plasmid 
5 L  10X DIG RNA labeling mix (Roche, Cat#11277073910)    
10 L  5X Transcription buffer (Promega, Cat# P2075) 
1 L  100 mM DTT (Promega, Cat# P2075) 
1 L  T3/T7 RNA polymerase (Promega, Cat# P2075(T7) / P2083(T3))  
2 L  RNasin (Promega, Cat#N2511) 
 Add up to 50 L with nuclease free water 
The reaction was incubated at 37°C for 2 hours and treated with TURBO DNase (Life 
Technologies, Cat#AM2238) at 37°C for 30 min to remove the DNA templates. The 
labeled RNA was purified by LiCl/isopropanol precipitation and its quality was verified 
integrity by agarose gel electrophoresis.   
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2.2.3 Total RNA extraction and reverse transcription 
TRIzol reagent (Life Technologies, Cat#15596-026) was used to extract total RNA from 
zebrafish embryos (10 L per embryo). The sample was homogenized using an 18½G 
needle. The RNA was extracted following the manufacturer’s instructions. The quantity 
and quality of the RNAs were examined by nanodrop and gel electrophoresis respectively.  
 
For detecting RNA expression in cycdTSS4 mutant embryos, embryos from cycdTSS4/+ in-
crosses were homogenized in 10 L nuclease free water individually. One microliter of the 
lysate was used for PCRs to identify the genotypes of each embryo. The embryo lysates 
with same genotypes were pooled for RNA extraction. 
 
Complementary DNA (cDNA) was synthesized from total RNA using the Superscript II 
Reverse Transcriptase (Life Technologies, Cat #18064-022). cDNAs were synthesized 
from 1 g total RNAs primed with 250 ng/reaction random hexamer (Roche, 
Cat#1034731) following the manufacturer’s instruction. The cDNAs were diluted 10 times 
and 1L was used for PCRs.  
 
2.2.4 Genotyping and assessing mutation frequency 
All genomic DNAs were extracted by lysing embryos or clipped tail fins in 50 mM NaOH 
solution at 90°C for 15 minutes followed by neutralizing the solution with 1/10 of total 
volume of 1 M, pH 8.0 Tris (Meeker et al., 2007). One microliter of the lysate was used 
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2.2.4.1 Assessing mutation frequency in TALEN injected embryos 
Wild type looking embryos injected with TALEN RNAs were lysed at 24 hpf individually, 
and regions spanning the TALEN target sites were amplified by PCR with primers and 
conditions listed in Table 2.4.  
 
To assess the mutation frequency in the single TALEN pair injected embryos, the PCR 
product was subjected to T7E1 treatment to estimate mutation frequency (details in 
Chapter 2.2.4.2). The untreated PCR products were subcloned into pGEM-T easy vector 
(Promega, Cat#A1360). Fourty-five single colonies from the cloning were picked and 
subjected to colony PCR to re-amplify the insertions. These PCR products of the insertions 
were diluted 5 times with nuclease free water and 1-2.5 L of them were used in 20 L 
BigDye sequencing reactions (BigDye Terminator v3.1 Cycle Sequencing Kit, Life 
Technologies, Cat#18080093). All assembled sequences with clear ends were aligned and 
searched for mutations against the wild type sequences. The proportion of the mutant 
sequences was calculated and used to represent cutting efficiency of the corresponding 
TALEN pairs. 
 
To assess the mutation frequency in the double TALEN pair injected embryos, the 
untreated PCR products were cloned to pGEM-T easy vector and 95 colonies from the 
cloning were picked, re-amplified, sequenced and used for calculating calculated for 
mutation frequency with the same procedure as described for single TALEN pair injected 
embryos. 
 
2.2.4.2 T7 Endonuclease I (T7E1) assay 
T7 Endonuclease I recognizes and cleaves non-perfectly matched DNA, which makes it a 
preferable tool to detect nucleotide substitutions and short insertion/deletions. To denature 
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the perfect matched wild type and mutant double stranded DNA and anneal them together 
to form mis-matched double strands, five microliter aliquots of the PCR products were 
diluted to 20 μL in 1× NEB Buffer 2 (NEB, Cat#B7002S), denatured and annealed with 
the following program on a PCR machine:  95°C for 10min, 95°C to 85°C with -2°C/s, and 
85°C to 25°C with -0.1°C/s. Five units of T7E1 (NEB, Cat#M0302L) were then added into 
the reaction and incubated at 37°C for 30 minutes. Digested products were separated on a 
3% agarose gel and band intensities were analyzed using ImageJ (NIH) to calculate 
mutation frequencies as previously described (Guschin et al., 2010). 
 
2.2.4.3 Genotyping cyc dTSS mutants 
To genotype cyc dTSS1-dTSS5 alleles, primers specific to the cyc TSS region were used to 
amplify the wild type and/or cyc dTSS genomic region. Primer sequences and PCR 
conditions can be found in Table 2.3. PCR product of wild type allele is 595 bp, while that 
of the dTSS1-4 alleles are ~200 bp and that of dTSS5 allele is 422 bp (Illustration for 
genotyping cycdTSS4 is shown in Figure 2.1A and B) 
 
2.2.4.4 Genotyping sqtsg32, the sqt whole locus deletion allele 
To genotype sqtsg32 mutant, three primers flanking the sqt locus were used to amplify the 
genomic region spanning the deletion site (primer sequences and PCR conditions can be 
found in Table 2.3). PCR product of wild type allele is 478 bp, and the mutant band is 220 
bp (Figure 2.1C and D). A faint 2378 bp band, which denote the wild type allele, may also 
show up in the wild type and heterozygous samples in some occasions. 
 
2.2.4.5 Assessing germ line transmission rates 
TALEN RNA injected F0 fish were raised to adulthood and mated with siblings to produce 
embryos. These embryos were pooled in groups of 5 or 10 embryos. These pools were 
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lysed and genomic DNA was used for PCR to detect mutations. The F0 pairs which 
produced mutant embryos were selected and mated with wild type AB fishes to identify 
the carrier(s) of mutation and were subsequently used to obtain F1 progenies.  
 
The F0s, which produced mutant F1 embryos when mated with wild type fishes, were 
counted as positives and the ratio of the positive F0s was determined. The ratio of the 
mutant F1 embryos (in a clutch of 20-40 F1 embryos) was also calculated to estimate the 
clone size of the mutant germ cells in the F0 founders. The rest of F1 embryos were raised 
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Table 2.3 DNA oligos used in this study 
Ref. Name Sequence (5'-3') 
Cloning primers to generate Nodal constructs 
w001 cyc.KCF1_BglII tggcAGATCTgccaccATGCACGCGCTCGGAGTCG 
w002 cyc.pR1_ClaI caccatATCGATGACAGGTGGCCCCCGGCG 
w003 cyc.mF1_EcoRI ccaGAATTCAGGAGCCCAGAGCTGCAGAG 
w004 cyc.OpR1_SalI accgGTCGACtcaCAGGCATCCGCACTCCTC 
w005 sqt.KCF1_BamHI gtcGGATCCgccaccATGTTTTCCTGCGGGCTCCTG 
w006 sqt.pR1_ClaI ttggacATCGATGTTCCTTCTGTGGCGCCGAG 
w007 sqt.mF1_EcoRI gcgGAATTCCACAGAACTGATGATAGGGTCC 
w008 sqt.OpR1_XhoI cgtCTCGAGtcaGTGGCAGCCGCATTCTGC 
w009 lft1.KCF1_ClaI ttggacATCGATgccaccATGACTTCAGTCCGCGCCGC 
w010 lft1.R1_XhoI ccgCTCGAGTACAACTGAAATATTGTCCATTGCG 
w011 lft1.OcR1_XhoI ccgCTCGAGttaTACAACTGAAATATTGTCCATTGCG 
w012 lft2.KCF1_ClaI ttggacATCGATgccaccATGGCTCTGTTCATCCAGCTG 
w013 lft2.R1_XhoI ccgCTCGAGGACTGGAGGGATTTTGTCCATG  
w014 lft2.OcR1_XhoI ccgCTCGAGtcaGACTGGAGGGATTTTGTCCATG 
w015 acvr2b.KCF1_BglII tgacgtAGATCTgccaccATGTTCGCTTCTCTGCTTAC 
w016 acvr2b.R1_XhoI ccgCTCGAGGATGCTGGACTCTTTGGGC 





w019 acvr2b_dk.R1_ClaI caccgtATCGATCAGAGGCTTCAGACCCACCAG 
w020 acvr2a.KCF1_BglII tgacgtAGATCTgccaccATGTTCGCTTCTCTGCTTAC 
w021 acvr2a_dk.R1_XhoI ccgCTCGAGCAATGGCTTTTGGACCAGGGTGG 
w022 egfp.F1_ClaI cctgtcATCGATATCGTGAGCAAGGGCGAGGAG 
w023 egfp.F1_XhoI ccgCTCGAGatggtgagcaagggcgaggag 
w024 egfp.R1_EcoRI agcGAATTCCTTGTACAGCTCGTCCATGCC 
w025 egfp.R1_XbaI ccgTCTAGAttaCTTGTACAGCTCGTCCATG 
w026 egfp.OcR1_EcoRI ccgTCTAGAttaCTTGTACAGCTCGTCCATG 
w027 egfp.OcR1_XhoI ccgCTCGAGttaCTTGTACAGCTCGTCCATG 


















































w042 Cyc.R314Q.F GGAGATTCATAGCCAGCCCTGGTTGCCAG 
w043 Cyc.R314Q.R CTGGCAACCAGGGCTGGCTATGAATCTCC 
Sequencing primers to verify Nodal constructs 
w044 pCS2 -45F CGTGCCTAATGGGAGGTC 
w045 pCS2 +352R GGCCCAATGCATTGGCGCCG 
w046 cyc.c1F CACAAATCTGCTTCTGCACTGGC 
w047 cyc.c2F GAGCAGCAGGACGGGGCCAGTC 
w048 cyc.c3R CGCACCGGTATGCATTGTAC 
w049 cyc.c4R GACATGCAGGTGGAGGAGTGCG 
w050 sqt.c1F GATATCCGCTGTATATGATGCAC 
w051 sqt.c2F CATCATCCTACAGCGAACCGAG 
w052 sqt.c3R GTGTGGGACAACTGCCTTCAC 
w053 lft1.c1F GCGGTGCAATATTGGTCTAGGAG 
w054 lft2.c1F GACCCAGGCCATTCATTACTGGTC 
w055 acvr2b.c1F CATGCTCTCCATGGCTGTGCTG 
w056 egfp.s1F ATGGTGAGCAAGGGCGAGGAG  
w057 egfp.s2R CAGGGTCAGCTTGCCGTAG 
w058 egfp.s3F GACCACTACCAGCAGAACAC 
w059 egfp.s4R TTACTTGTACAGCTCGTCCATG 
w060 mCherry.s2R CAGCTTGGCGGTCTGGGTG 
w061 mCherry.s3F CAAGAAGCCCGTGCAGCTG  
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Sequencing primers to verify TALEN constructs 
w062 pCS-FokI_F1 GGTGGCGGGAGAGTTGAGAG 
w063 pCS-FokI_F2 GAACCTGACCCCGGAGCAGGTG 
w064 pCS-FokI_R2 CACCTGCTCCGGGGTCAGGTTC 
w065 pCS-FokI_F3 CAGGCCGGCGCTGGAGAGCATTG 
w066 pCS-FokI_R3 CAATGCTCTCCAGCGCCGGCCTG 
w067 pCS-FokI_R4 GCATCCAGCGCAGGACGTCC 
 * pMD-TALE-F CGCCAGGGTTTTCCCAGTCACGAC 
 * pMD-TALE-R AGCGGATAACAATTTCACACAGGA 
Genotyping Primers to examine TALEN efficiency 
w068 cyc.5G1F GAATAAATACTGCTTGCAAG  
w069 cyc.5G2R TTGACATGCCGTGACAGCTC  
w070 cyc.5G3F CTGGCTTGCTACTGCCAG 
w071 cyc.5G4R AGACATGATGCTCCTGATTG 
w072 cyc.3G1F CTGAGACACCACGAGGACATG 
w073 cyc.3G2R CATCAGATCTCCTTTCGTCATAC 
w074 cyc.3G3F GAACCGTCTGCCTGTTCTGTCTG 
w075 cyc.3G4R CTGCAGAGCTCGGTTGTATCGAG 
w076 sqt.S5UTF TGTATGCCTTTATGGATCACAGG 
w077 sqt.S5UTR CATGTCAAATCAAGGTAATAATCCAC 
w078 sqt.S3UTF GTTTCCTGCACTGAGGCACCTG 
w079 sqt.S3UTR CCTTATTCATTCACTCCCTCGTG 
 ** sqtZFN2R TCTTGAGCCTCGTCGCTAA 
w080 GT4_EGFP.1F CCTATCAGAAACTGCAGTATCTG 
w081 GT4_EGFP.2R GATGAACTTCAGGGTCAGCTTGC 
w082 GT4_EGFP.3F CACAACATCGAGGACGGCAG 
w083 GT4_EGFP.4R CTCTACAAATGTGGTATGGCTG 
Primers for RT-PCR to detect cyc transcripts 
w084 cyc.RT1F GaTGAACCAGACGCGCATAC 
w085 cyc.RT1R CCTGAATCTGACGTTCCGAC 
w086 cyc.RT2F GCTCCTGGATCGTGTTCCC 
w087 cyc.RT2R GTCGGAGCGCAGCAGGATG 
w088 pald1a.RT1F CTGTACGGTATGGGTCAGAC 
w089 pald1a.RT1R GCTGCAGATGCTGCAGGTTC 
w090 Irrc20.RT1F GCAGGCCGTGGCGAAAGTG  
w091 Irrc20.RT1R CTCAGCTGTGTGAAGGTGAGG 
* Described in (Huang et al., 2011) 
** Designed by Shimin Lim (Lim et al., 2013) 
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Table 2.4 PCR primers and conditions used for genotyping and mutation frequency 
assessment  
 








For assessing mutation frequency/TALEN efficiency 
egfp.5'TAL 
w080 300 




56 264   
w083 300 
egfp.5'TAL + 




polymerase w083 300 
cyc.5'TAL1 
w068 300 











polymerase w071 300 
sqt.5'TAL 
w076 300 
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Figure 2.1 Genotyping of cycdTSS4 and sqtsg32. (A) Schematic showing the cyc dTSS 
deletion (orange color) and the position of the genotyping primers. (B) Schematic of 
representative gel showing the PCR products for wild type, heterozygous and 
homozygous cycdTSS4 mutant fish. (C) Schematic showing the sqtsg32 deletion (orange 
color) and the position of the genotyping primers. All the three primers were used in 
each PCR reaction. (D) Schematic of representative gel showing the PCR products for 
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2.3 Staining and imaging techniques 
2.3.1 Whole mount in situ hybridization (WISH) 
Fixed embryos were processed for whole mount in situ hybridization using digoxygenin 
(DIG) labeled anti-sense RNA probes to detect ntl (Schulte-Merker et al., 1994) and gsc 
(Thisse et al., 1994) expression.  
Preparation: Fixed embryos were washed three times with PBST (0.1% Tween 20 in PBS), 
manually dechorionated, dehydrated using a gradient of methanol (25%, 50% and 75% in 
PBST) and stored in 100% methanol at -20°C for at least 24 hours. 
Hybridization: Embryos were rehydrated using a gradient of methanol (75%, 50% and 
25% in PBST) and washed with PBST for three times. Embryos were pre-hybridized for 4 
hours at 65°C in the hybridization buffer (60% Formamide, 5X SSC, 1 mg/ml torula RNA, 
100 µg/ml heparin, 1X Denhardt’s solution, 0.1% CHAPS, 10 mM EDTA, 0.1% Tween-
20, adjust pH to 6.0-6.5 with 1 M citric acid). DIG labeled probes (1-5 ng/µl) were added 
to the hybridization buffer and embryos were incubated at 68°C overnight. The non-
hybridized probe was washed at 68°C with the following solutions for indicated time 
periods: 
1. 100% FSTw (60% Formamide, 5X SSC, 0.1% Tween 20) for 10 min; 
2. 75% FSTw/25% 2X SSCTw for 10 min; 
3. 50% FSTw/50% 2X SSCTw for 10 min; 
4. 25% FSTw/75% 2X SSCTw for 10 min; 
5. 2X SSCTw for 3 times 10 min each; 
6. 0.2X SSCTw for 2 times 30 min each; 
The embryos were then transferred to room temperature for the following washes: 
7. 75% 0.2X SSCTw/25% MABTw (0.1 M Maleic acid, 0.15 M NaCl, 0.1% 
Tween20, pH 7.5); 
 8. 50% 0.2X SSCTw/50% MABTw; 
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 9. 25% 0.2X SSCTw/75% MABTw; 
 10. MABTw for 2 times 5 min each. 
Antibody binding: processed embryos were blocked with 1% Roche Blocking Reagent 
(Roche, Cat#11096176001) in MABTw for 1 h at room temperature and incubated with 
0.375 U/mL pre-adsorbed (with fish powder) anti-DIG-AP antibody (Roche, Cat# 
11093274910) prepared in 1% Roche Blocking Reagent (MABTw), for overnight at 4°C. 
The unbound antibody was washed away by 8 times 15 min washes with MABTw.  
Detection: embryos were washed 3 times for 10 min each in fresh NTMT (100 mM NaCl, 
100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 1% Tween 20, 1 mM Levamisole). Staining was 
developed using BM Purple (Roche, Cat#11442074001), an alkaline phosphatase substrate. 
To stop the staining, embryos were washed 2 times 10 min each with PBST followed by 
fixation with PFA for 20 min. Stained embryos were stored in 50% glycerol (PBS) at 4°C. 
 
2.3.2 FCS/FCCS setup, acquisition and analysis  
2.3.2.1 FCS/FCCS microscope and detector setup 
A commercial confocal laser scanning microscope (Olympus, FluoView 300) was 
modified and combined with a custom-built FCS attachment. A multi-line (488/514) argon 
ion laser (Showa Optronics, Japan) was controlled by an acousto-optic tunable filter 
(AOTF). The excitation light was reflected by an excitation dichroic mirror (458/514) onto 
a pair of galvanometer scanning mirrors and focused to a small focal volume in the sample 
by a 60X water-immersion objective (Olympus, UPLSAPO NA = 1.2). The emitted 
fluorescence light was acquired over a 3X magnification stage onto a 150 m pinhole. A 
custom-built slider allowed one to direct the light either to the FV300 photomultipliers for 
imaging, or to the avalanche photodiodes (APD) (Pacer advancing technology, SPCM-
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AQR-14-FC) for FCS/FCCS analysis. The same instrument setup has been used for several 
other studies from the Lab (Ma et al., 2011; Shi et al., 2009a; Shi et al., 2009d) 
 
For FCS measurements, a 488 nm beam was used to excite EGFP fusion proteins. The 
emitted fluorescence was focused by an achromatic lens (f = 60 mm, Thorlabs) through a 
510AF23 band pass filter (Omega Optical) onto the APD. For FCCS measurements, a 514 
nm laser was used to excite EGFP and mCherry simultaneously. The emitted fluorescence 
was split by a 560DCLP dichroic mirror (Omega Optical) into green and red channels. 
Band-pass filters 545AF35 and 615DF45 (Omega Optical) were used for each channel, 
respectively. Autocorrelations and cross-correlations were computed by a hardware 
correlator (Correlator.com, Flex02-01D). cps of 800~2000Hz were usually achieved for 
both fluorescent proteins, when an ~25 W laser power was used. 
 
2.3.2.2 FCS/FCCS data acquisition 
All FCS/FCCS measurements were done in the extracellular space or on the cell membrane 
within 50 m depth of the embryo blastulas, since previous study suggests that accurate 
measurements can be achieved within this distance with our setup (Shi et al., 2009d). 
 
2.3.2.3 FCS/FCCS data fitting  
The experimental raw data was fitted with a defined correlation function model (described 
in section 6.1.1.1). In general, 3D diffusion models with triplet state were used for free 
diffusing molecules (Eq.1.23 and Eq1.24), while a one-component 2D diffusion model 
with triplet state was used for membrane anchored receptors (Eq.1.25). Models used for 
CCF fitting did not include a triplet component, since the triplet states of EGFP and 
mCherry are not correlated. However, fluorescence crosstalk from green to red channel is 
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inevitable, and this crosstalk will produce a triplet as it presents the EGFP photo-physical 
state in CCF. Therefore, CCF was fitted within the limited time range from 100 s to 1 s 
to avoid the triplet state. An interactive procedure was performed to fit the data with the 
Levenberg-Marquardt algorithm to minimize the χ2 using a self-written program in Igor 
Pro 6.0 (WaveMetrics) (Wohland et al., 2001).  
 
2.3.2.4 Determination of diffusion coefficient  
The system was calibrated with Atto488 (ATTO-tec) solution. For all the measurements, a 
30 sec duration was used. The diffusion coefficients of the molecule of interest were 
calculated with the following equation:  




Dcalib is the diffusion coefficient of the dye used for calibration. The diffusion coefficient 
of the Atto488 used in this study is 400 m/s2 (PicoQuant GmbH’s application notes). τd,x 
and τd,calib are the diffusion time for the molecule of interest and the dye used for calibration, 
respectively, and they were determined from the experimental data. 
 
2.3.2.5 Quantification of protein interactions  
For interaction studies, the system was calibrated with Rhodamine 6G (R6G). R6G was 
excited by a 514 nm laser beam, and the emitted fluorescence was captured in both channels 
with filters used in the SW-FCCS measurements (split by 560DCLP, filtered by 545AF35 
and 615DF45).  
 
FCCS measurements were performed in embryos with a similar EGFP and mCherry 
expression level. The amplitude difference between green and red channels was not larger 
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duration (10-15 sec) was used due to the constant movement of the cell membranes. To 
quantify interactions (section 6.1.2.1), several parameters (please refer to Table 6.1 in 
Appendix) were pre-determined by the control measurements done with the same setup: 
a) The values of ηg
g and ηg
r were obtained from embryos only expressing EGFP fusions, 
and ηr
r and ηr
g were obtained from embryos only expressing mCherry fusions. b) The 
individual cps was an average of at least 30 measurements of such experiments. c) The 
effective detection volume Veff were pre-determined using Rhodamine 6G (R6G), which 
has a reported diffusion coefficient of 426 m/s2 (Petrášek and Schwille, 2008). The pre-
determined Veff  of the 514 nm laser beam was 0.56 ± 0.06 femtoliter (fL). d) The correction 
factors of qg and qr were set to 1, since no significant change in cps was observed.  
 
Concentrations of the tagged proteins were calculated as described in section 6.1.2.1 by a 
self-written program in Mathematica (Wolfram Research).  
 
2.3.2 Image Acquisition and Analysis  
2.3.2.1 Imaging of stained embryos 
Stained embryos from WISH experiments were mounted in 100% glycerol and imaged 
using a Zeiss Axioplan2 microscope equipped with a Nikon DXM1200 color camera. 
Images were acquired using ACT-1 software (Nikon) and cropped using ImageJ (NIH). 
 
2.3.2.2 Imaging of live embryos for distribution profile analysis  
The mounted embryos with Nodal/Lefty expressing clones were mounted and imaged 
using the same setup for FCS measurements. The EGFP fusion proteins were excited with 
488 nm laser beam and the emitted fluorescence was collected through a 10X objective 
lens (Olympus, UPLSAPO NA = 0.40) and a long-pass 505 emission filter with a 2.5X 
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digital zoom. Images were taken in planes ~15 m below the enveloping layer of the 
embryos at 512×512 resolution with a corresponding size of 1.4 m2/pixel.  
 
Acquired images were analyzed using ImageJ. A rectangular region of interest (ROI) with 
a fixed height of 50.4 m (36 pixels) adjacent to the source was dawn. The width of the 
ROI differed depending on the size of the embryo. Windows of 7 × 50.4 m2 (5 × 36 pixels) 
was binned and average intensities of each binned window was calculated. The background 
auto-fluorescence were calculated from the images of un-injected embryos and subtracted 
from all other measurements. The background subtracted data was normalized to the value 
closest to the source boundary, and plotted on the intensity-distance coordinate.  
 
2.3.2.3 Imaging of live embryos for other purposes 
Live embryos, for DIC or fluorescence imaging, were manually dechorionated and 
mounted in 2.5% methyl cellulose (Sigma, Cat#M7140) or 0.75% low-melt agarose (Bio-
Rad, Cat#161-3111) in 30% Danieau’s solution. The mounted embryos were imaged using 
a Leica TCS SP5 confocal system. The green and red fluorescent protein were excited with 
488 nm and 543 nm laser respectively or simultaneously, and the emitted collection bins 
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Three models have been proposed to explain the mechanisms underlying the differences in 
signaling range of Sqt and Cyc: differential diffusivity, differential stability and differential 
binding affinity of Sqt and Cyc to their receptors (Müller et al., 2012; Müller et al., 2013; 
Tian et al., 2008). To test these models, the diffusivity, binding affinity and stability of 
these Nodal factors were determined using Fluorescence Correlation Spectroscopy (FCS), 
Fluorescence Cross-Correlation Spectroscopy (FCCS) and by conventional confocal 
imaging and biochemistry, respectively. 
  
In this Chapter, all FCS and FCCS measurements as well as gradient measurements were 
done in collaboration with Wang Xi from the Biophysical Fluorescence Laboratory at the 
Department of Biological Sciences, NUS. 
 
3.1 Generation of the Nodal, Lefty and Acvr2b fluorescent protein fusions 
To visualize Nodal, Lefty and Acvr2b proteins in vivo, fluorescent protein fusions were 
generated. Several Nodal mutants were also fused with fluorescent proteins: 1) Cyc2 
mutant, which lacks a 30 amino acid region in the Cyc pro-domain that harbors a putative 
lysosomal targeting site, shows a significantly increased stability and signaling range over 
wild type Cyc protein (Tian et al., 2008). 2) The SqtCyc2 mutant, which harbors the region 
that is missing in the Cyc2, shows reduced stability and signaling range compared to Sqt 
(Tian et al., 2008). 3) CycG414R, CycR429C and CycL438F contain corresponding point 
mutations that were identified in human NODAL (G260R, R275C and V284F, 
respectively) from patients with heterotaxy and/or isolated cardiovascular malformations 
(Mohapatra et al., 2009); human NODAL with these mutations show reduced signaling 
activities in P19 cells using an exogenous reporter assay (Mohapatra et al., 2009). These 
Nodal mutants were used to test whether changes in Nodal stability cause changes in its 
distribution or other biophysical properties, such as diffusivity. 
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A major concern pertaining to fluorescent protein fusions is whether the fluorescent 
proteins alter the processing, activity or range of their fusion partners. Therefore the 
activity of the fusion protein constructs was tested in vivo upon micro-injection of RNA 
encoding the fusion proteins into embryos. 
 
Injecting equal amount of RNAs into 1-cell stage embryos showed that the overall 
inductivity of tagged Cyc and Sqt remained the same as their untagged counterparts 
(method see Chapter 2.1.2) (Figure 3.1A and B). To examine the range of signaling, the 
Nodal fusions were expressed from a localized source of cells (method see Chapter 2.1.3) 
and expression of Nodal targets was examined in injected embryos by in situ hybridization. 
Biotin-Dextran (Final concentration 0.1%, Cat# D-1956, Life Technologies) were co-
injected with RNA for lineage tracing and stained by ABC kit (Cat# PK-4000, Vector Lab.) 
to mark the injected/source cells (Brown color staining in Figure 3.1C). The expression of 
Nodal target gene ntl was used as a readout for the signaling range of Nodal (Blue color 
staining in Figure 3.1C). The tagged Nodals have similar range of activity compared to 
their untagged counterparts (Figure 3.1C). These results are consistent with previous 
studies that demonstrated that fluorescent protein fusions of Nodal and Lefty have similar 
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Figure 3.1 Tagged Nodals have similar activity compared to their untagged 
counterparts (A) Induction of ntl in embryos overexpressing Nodal or Nodal fusions. 
Five picogram RNA was injected into one-cell stage wild-type embryos and ntl 
transcription was examined at 50% epiboly. Animal pole views of embryos showing 
endogenous ntl expression (I), and mild (II) or massive (III and IV) expansion of the 
ntl expression domains. Embryos were assessed and counted accordingly. Percentages 
for each class are shown in the histogram. (B) Induction of gsc in embryos 
overexpressing Nodal or Nodal fusions. Animal pole views of embryos showing 
endogenous gsc expression (I), mild expansion (II) or massive expansion (III and IV) 
of gsc expression domains. (C) Five picogram RNA encoding Nodal or Nodal fusions 
was injected into one-cell at the 128-cell stage with a lineage tracer (Biotin-Dextran, 
brown color staining). Ranges of signaling were examined by detecting ntl 
transcription (blue/purple color staining). All scale bars represent 100 µm. 
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3.2 Sqt binds to receptor and inhibitor with higher affinity compared to Cyclops 
Binding to receptors can reduce the effective diffusivity of the morphogens and thereby 
reduces their range (Müller et al., 2013). To examine the binding properties of Nodals to 
their receptors, the dissociation constant (Kd) of Sqt and Cyc to the Acvr2b receptor was 
measured in vivo using FCCS. The Kd, which is a reciprocal of the binding affinity, is 
commonly used to describe the binding affinities of two interacting proteins. To determine 
the Kd, a localized source expressing Sqt-, Cyc- or sec-EGFP was generated in embryos 
uniformly expressing Acvr2b-mCherry (Figure 3.2A and B). The FCCS measurements 
were done on the membrane of first or second layer cells at various distances from the 
source (Figure 3.2C).  
 
Representative auto- and cross-correlation functions (ACF and CCF) and fittings of Sqt-
Acvr2b, Cyc-Acvr2b and sec-EGFP-Acvr2b interacting groups are shown in Figure 3.2D, 
F and H, respectively. The cross-correlation function of Sqt/Cyc-Acvr2b groups showed 
elevated amplitude with a much slower decay time as compared to the negative control 
group, sec-EGFP-Acvr2b. This suggests that Sqt/Cyc and Acvr2b interact in vivo in 
embryos. Consistent with this finding, the auto-correlation function of Sqt and Cyc only 
fits with a two-component diffusion model whereas the auto-correlation function of the 
sec-EGFP from the control group fits with a one-component diffusion model. The diffusion 
coefficients of the slow fractions of Sqt/Cyc resolved from the two-component model 
fitting are very close to the diffusion coefficient of Acvr2b, indicating these slow fractions 
are ligands that are bound to the receptor complex, whereas in the control group, the 
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The concentration of both bound (Cgr) and free (Sqt-/Cyc-/sec-EGFP (Cg) and Acvr2b-
mCherry (Cr)) proteins were calculated and plotted on two-dimensional coordinates 
(Figure 3.2E, G and I). The data points were then fitted by linear regression and the slopes 
denote the Kd of each interacting group (method in section 2.3.2.5). The Kd of Sqt-Acvr2b 
is 65 ± 7 nM whereas the Kd of Cyc-Acvr2b 124 ± 12 nM.  Statistical analysis using a two-
tailed Student’s t-test, shows that this is a statistically significant difference (P < 0.001). 
Similar results were observed when the Kd was obtained by fitting a Gaussian function to 
the histogram, in which the ln Kd from each data point and the frequencies of the ln Kd were 
plotted (Inset in Figure 3.2E, G and I) (Shi et al., 2009a). The Kd calculated from this 
process were 58 ± 2 nM for Sqt-Acvr2b, and 111 ± 2 nM for Cyc-Acvr2b. Thus, Cyc has 
an lower binding affinity to the receptor in comparison to Sqt. 
 
Ligand-inhibitor binding prevents ligand binding to receptors and thereby increase the 
effective diffusivity of the morphogens and their range. Moreover, previous studies show 
controversial evidences about the molecular mechanisms that Lefty inhibit Nodal 
(inhibition of ligand versus inhibition of receptor) (Chen and Shen, 2004; Sakuma et al., 
2002). 
  
Therefore, to test the idea that Nodal and Lefty have direct interactions, the dissociation 
constants of Lefty2 to Sqt or Cyc were examined in vivo. To determine the dissociation 
constant, a localized source expressing both Lefty-mCherry and Sqt-EGFP, Cyc-EGFP or 
sec-EGFP were generated on wild type embryos (Figure 3.3A and B). FCCS 
measurements were done in the extracellular space beneath the most outside layer of 
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Representative auto- and cross-correlation functions and fittings of Sqt-Lefty2, Cyc-Lefty2 
and sec-EGFP-sec-mCherry groups are shown in Figure 3.3 D, F and H, respectively. The 
Kd of Sqt-Lefty2 and Cyc-Lefty2 acquired by linear regression were 29 ± 1.2 nM and  
50 ± 3 nM, respectively (Figure 3.3 G, H and I), and the difference is statistically 
significant (two-tailed Student’s t-test, P < 0.001).  Similarly, the Kd acquired by Gaussian 
fittings were 20 ± 2 nM for Sqt-Lefty2 and 51 ± 2 nM for Cyc-Lefty2 (Inlets in Figure 3.3 
G, H and I). The sec-EGFP-sec-mCherry group, which serves as a negative control, shows 
random distribution in scatter plot analysis and a much wider ln Kd distribution in the 
frequency histogram.  These results indicate that there is no interaction of sec-EGFP with 
sec-mCherry. Therefore, Lefty can interact with zebrafish Nodal in vivo and the interaction 







(µm/s2 ± SEM) 
DCCF 




G: 44 ± 5 (fast); 1.1 ± 0.2 (slow) GR: 2.1 ± 0.3 
30 
R: 1.7 ± 0.4 RG: 2.0 ± 0.3 
Cyc-EGFP 
Acvr2b-mCherry 
G: 20 ± 4 (fast); 0.6 ± 0.1 (slow) GR: 2.2 ± 0.4 
35 
R: 1.2 ± 0.1 RG: 2.5 ± 0.4 
sec-EGFP 
Acvr2b-mCherry 
G: 83 ± 2 
 31 
R: 1.5 ± 0.1 
Table 3.1 Diffusion coefficients measured from ACF and CCF 
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Figure 3.2 FCCS measurements revealed that Cyc-Acvr2b has a two-fold higher 
Kd compared to Sqt-Acvr2b. (A) Sqt-/Cyc-/sec-EGFP and Acvr2b-mCherry 
constructs. S, signal peptide; Pro, pro-domain; Mat, mature-domain; ECM, 
extracellular and transmembrane domain. Red arrows indicate convertase cleavage 
sites. Sqt signal peptides and pro-domain were used in sec-EGFP constructs. (B) 
Injection procedure. (C) Representative image of an injected embryo at 30% epiboly 
stage showing the expression patterns of the fusion proteins. (D, F, H) Representative 
auto- and cross-correlation functions and fittings. (E, G, I) Concentration plot and linear 
regression to calculate Kd, n = number of data points (number of embryos). Individual 
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Figure 3.3 FCCS measurements also revealed that Cyc-Lefty2 has a two-fold 
higher Kd compared to Sqt-Lefty2. (A) Constructs used for injection. S, signal 
peptide; Pro, pro-domain; Mat, mature-domain. Red arrows indicate the convertase 
cleavage sites. (B) Injection procedure. (C) Confocal image of an injected embryo at 
30% epiboly showing the expression patterns of the fusion proteins (D, F, H) 
Representative auto- and cross-correlation functions and fittings. (E, G, I) 
Concentration plot and linear regression to calculate Kd, n = number of data points 
(number of embryos). Individual Ln Kd frequency histogram and Gaussian fitting 
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3.3 Sqt and Cyc have similar diffusivity 
The diffusivity of extracellular signaling molecules can be a major factor that determines 
their distribution: the more diffusive a signal is, the further it goes (Muller and Schier, 
2011). To examine the diffusivity of Sqt and Cyc in vivo, the diffusion coefficients of Sqt-
EGFP, Cyc-EGFP and sec-EGFP were measured using FCS. A localized source expressing 
Sqt-EGFP, Cyc-EGFP or sec-EGFP was generated in wild type embryos (Figure 3.4A and 
B). FCS measurements were taken at various distances from the source in the extracellular 
space underlying the outermost layer of cells (Figure 3.4C). The auto-correlation function 
from the FCS measurements can only be properly fitted to one-component diffusion 
models, but not other models with multiple components. Representative auto-correlation 
functions and fittings of Sqt-EGFP and sec-EGFP are shown in Figure 3.4D.  
 
Sqt and Cyc fusions, Lefty and two Sqt/Cyc mutant fusions, SqtCyc2 and Cyc2, were 
examined for their diffusion coefficients with the same procedure (Table 3.2). The Cyc2 
mutant, which lacks a 30 amino acid region in the Cyc pro-domain that harbors a putative 
lysosomal targeting site, shows a significantly increased stability and signaling range over 
wild type Cyc protein (Tian et al., 2008). The SqtCyc2 mutant, which harbors the region that 
is missing in the Cyc2, shows reduced stability and signaling range compared to Sqt (Tian 
et al., 2008). Though these proteins are different in protein stability and range, the diffusion 
coefficients are very similar among all the fusion proteins, and on the same order of 
magnitude as that of secretion EGFP (Table 3.2). Thus, it seems that the diffusivity is not 
the key determinant that differentiates the range of these proteins.  
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Figure 3.4 Determining diffusion coefficients using FCS. (A) Lefty-EGFP 
constructs. S, signal peptide, EGFP was fused to the C-terminus of Lefty proteins. 
(B) Injection procedure. (C) Confocal image of an injected embryo at 30% epiboly 
stage. White crosses mark the extracellular spot where the FCS measurements 
were taken. (D) Representative auto-correlation functions (dots) and fittings (line) 















Sqt-EGFP 64 ± 14 29 
SqtCyc2-EGFP 61 ± 10 11 
Cyc2-EGFP 67 ± 14 19 
Cyc-EGFP 64 ± 13 14 
Lefty1-EGFP 64 ± 12 15 
Lefty2-EGFP 66 ± 10 15 
sec-EGFP 92 ± 19 18 
Table 3.2 Diffusion coefficient measured by FCS 
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3.4 Changes in stability of the Nodal ligands alter the gradient 
Previous studies have shown that Cyc and Sqt have very different ranges of activity during 
mesendoderm induction (Chen and Schier, 2001), though they have very similar molecular 
weights and diffusion coefficients (see section 3.3 and Table 3.2). It has also been reported 
that increasing the stability of murine Nodal extends its range (Le Good et al., 2005) and 
the instability of Cyc is probably the reason for its short range (Tian et al., 2008). Though 
a number of studies have been done in zebrafish to examine the distribution and the 
activities of Nodals (Chen and Schier, 2001; Jing et al., 2006; Le Good et al., 2005; Müller 
et al., 2012; Tian et al., 2008), the relation between the Nodal stability and its distribution 
has not been systematically studied in living zebrafish embryos.  
 
Therefore, to examine the relation between Nodal stability and its gradient, EGFP fusions 
of Sqt, Cyc and Sqt/Cyc mutants were expressed from a localized source and analyzed by 
in vivo imaging (Figure 3.5A-E). Consistent with previous findings by Müller et al., Sqt-
EGFP can easily reach the edges of the blastula with no more than 50-60% loss in intensity, 
whereas the intensity of Cyc-EGFP falls steeply with increased distance from the source 
(Figure 3.5E).  
 
Interestingly, the gradient of Cyc-EGFP was significantly shallower than that of Cyc, 
whereas the gradient of SqtCyc2-EGFP was steeper than that of Sqt-EGFP (Figure 3.5E). 
Cyc, which lacks a 30-amino acid region close to the N-terminus of Cyc, has been shown 
to be more stable and have an increased range compared to Cyc (Tian et al., 2008). SqtCyc2, 
where the corresponding residues in Sqt were replaced with the 30-amino acid region from 
the Cyc pro-domain, has been shown to be less stable and have reduced signaling range 
compare Sqt (Tian et al., 2008). The decays of these proteins show a similar trend as their 
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gradient profile (Figure 3.5F-G) suggesting a correlation between Nodal stability and its 
range.  
 
We also examined Cyc mutants in which three amino acid substitutions, L438, G414R and 
R429C, were introduced to Cyc-EGFP, for gradient alterations (Figure 3.6A). These 
substitutions were identified from genomic analysis of patients with heterotaxy and/or 
isolated cardiovascular malformations (CVM) (Mohapatra et al., 2009). The amino acid 
changes are in positions that are conserved across species (Figure 3.6A) and are presumed 
to cause reduced Nodal signaling in vivo (Mohapatra et al., 2009).  To test if this was indeed 
the case, the activities and gradients generated by the mutant Nodal proteins were 
determined. 
 
The absolute intensity of all the three mutant fusions was significantly lower than that of 
Cyc-EGFP. This indicates that the reduction of protein levels was likely due to the 
mutations, since RNAs were injected at equal amount to generate localized sources (Figure 
3.6C-F). Both the absolute and normalized intensity of the mutant fusions show a steeper 
decay than that of Cyc-EGFP, indicating the range of signaling of the mutant proteins was 
reduced (Figure 3.6B-F).  
 
To make quantitative comparisons, the gradient data was fitted with a single exponential 
decay and the decay length  was used to represent the ranges (Figure 3.6B). The  
obtained from the fitting were 25 ± 3 m (n = 14) for Cyc-EGFP, 12 ± 1 m (n = 14) for 
CycG260R-EGFP, 9 ± 1 m (n = 11) for CycR275C-EGFP and 9 ± 1 m (n = 12) for CycV284F-
EGFP, and the differences of between Cyc-EGFP and all three mutant fusions are 
significant (two-tailed Student’s t-test, all Ps < 0.001).  
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Taken together, my results suggest that the range of the Nodal proteins has a direct 
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Figure 3.5 Image analysis suggests a relation between Nodal stability and its 
gradient (A) Constructs used for profiling Nodal gradients in embryos. S, signal 
peptide; Pro, pro-domain; Mat, mature-domain. Red arrow indicates convertase 
cleavage sites. (B) Injection procedure. (C) Representative picture of RNA in situ 
hybridization showing the activity range of Sqt, Cyc and their mutants. Brown color 
marks source cells and blue color marks Nodal target gene ntl expression. (D) Upper, 
representative image and region of interest (red rectangle); lower, the region of interest 
from upper image. (E) Normalized distribution profiles and fitting. Error bars indicate 
standard error (SE). (F) Representative western blots of Nodal proteins harvested from 
HEK293T cell culture medium at different time points after the removal of source.  The 
Nodal proteins were immuno-precipitated with anti-FLAG antibody and purified 
proteins were detected by the same antibody. Schematics on the most left side show the 
position of the 3xFLAG tag in each construct. (G) The profile of Nodal protein level 
over time after source removal. The data points were fitted with exponential decay. 
Error bars indicate standard error (SE). 
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Figure 3.6 Nodal mutations reduce its range. (A) Sequence alignments of Nodals 
from different species. hNodal, human Nodal; mNodal, mouse Nodal. (B) Normalized 
distribution profiles and fitting. , decay length. Error bars indicate SE. (C-F) Intensity 
plots. E1-E14 indicates data points from individual embryos. Horizontal axis, distance 
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3.5 Discussion 
The graded activity of morphogens regulates many important patterning processes during 
embryonic development. How morphogens form gradients in the target tissue from a 
localized source has been debated for decades. The prevailing model of morphogen 
gradient formation is the synthesis, diffusion, and clearance (SDC) model in which 
morphogens are secreted from a localized source, diffuse and get cleared eventually 
(Wartlick et al., 2009). Moreover, many studies that determined morphogen gradient 
profiles by using fluorescent protein fusions suggest that the distance at which a morphogen 
decays is related to the rate of its diffusion and clearance (Callejo et al., 2006; Chamberlain 
et al., 2008; Gregor et al., 2007; Kicheva et al., 2007; Wartlick et al., 2009; Yu et al., 2009a). 
 
3.5.1 Clearance might play a more important role in controlling signaling ranges of 
Nodals 
Previous studies of zebrafish Nodal factors have shown that Cyc, Sqt and their inhibitors 
Lefty1 and Lefty2, have varying activity ranges during mesendoderm induction (Chen and 
Schier, 2001; Chen and Schier, 2002; Müller et al., 2012). However, the biophysical 
properties that control the differences in activity range remain largely unclear. Previous 
studies by Müller et al. and Jing et al. have shown that Cyc-EGFP has a much steeper 
gradient than Sqt-EGFP in live zebrafish embryos (Jing et al., 2006; Müller et al., 2012). 
Müller and colleagues also determined the effective diffusion coefficient of Nodal and 
Lefty using fluorescence recovery after photobleaching (FRAP), and the clearance rate 
using in vivo pulse-labeling assay with photoconvertible proteins. The authors suggested 
that the differential effective diffusion of Nodal and Lefty proteins underlies the differences 
in their activity range, since the observed differences in range (Cyclops < Squint < Lefty1 
< Lefty2) are reflected in the differences in effective diffusion coefficients (Cyclops < 
Squint < Lefty1 < Lefty2). Even though a similar trend was observed in the clearance rates, 
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they claimed that the differences is not very pronounced (Müller et al., 2012).  However, 
the differences in the Nodal clearance rates determined in live zebrafish embryos are 
inconsistent with those measured using a cell culture system: Jing et al. reported half-lives 
of ~2 hours for Cyclops-GFP and ~8 hours for Squint-GFP in tissue cultures, whereas 
Müller et al. reported half-lives of 95 minutes for Cyclops-Dendra2 and 116 minutes for 
Squint-Dendra2 (Jing et al., 2006; Müller et al., 2012). In addition, Tian et al. reported that 
Cyc harbors a lysosomal targeting site in its pro-domain, which is generally responsible for 
protein destruction, and in its absence Cyc behaves as a long-range signal (Cyc2). 
Consistently, when this region containing the lysosomal site is placed in a similar position 
on Sqt pro-domain (Sqtcyc2), the activity range of Sqt is significantly reduced (Tian et al., 
2008). Le Good et al. also reported that the signaling range of murine Nodal is determined 
by its stability (Le Good et al., 2005). These findings suggest that the clearance rates of Sqt 
and Cyc could play a more important role in controlling their signaling range. 
 
Therefore, to clarify these contradicting reports, we examined the gradients of Cyc2 and 
Sqtcyc2 that were described in the previous study (Tian et al., 2008) with fluorescent imaging 
in live zebrafish embryos. We find that the gradient of SqtCyc2 (Sqt with the Cyc lysosomal 
target site) is steeper than Sqt. Interestingly, the difference between the slopes of Sqt and 
Sqtcyc2 only appears within the first 40-60 m (2-3 cells) from the source, whereas at a distal 
region the slopes of Sqt and Sqtcyc2 are increasingly similar as the distance increases.  
Considering the fact that Nodal pro-domains are removed shortly after secretion and the 
Cyc lysosomal target site is located within the pro-domain (Shen, 2007; Tian et al., 2008), 
it is conceivable that the lysosomal target site accelerates the degradation of un-cleaved 
SqtCyc2 precursor protein such that the majority of Sqt molecules are cleared before 
diffusing very far from the source. The proportion of SqtCyc2 protein that is cleaved before 
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degradation could survive for a much longer time and thereby, reach a distal field from the 
source. Similarly, the intensity of Cyc also decays steeply within the first 40-60 m 
whereas that of Cyc2 (Cyc without lysosomal targeting site) decays with a much 
shallower slope. Moreover, the diffusion coefficients of the mutants (SqtCyc2 and Cyc∆2) 
and wild types (Sqt and Cyc) are almost identical (Table 3.2), suggesting that the steeper 
slope is not due to the lower diffusivity.  
 
We also examined the gradients of several other Cyc mutants (L438, G414R and R429C). 
These Cyc mutants contain corresponding point mutations that were identified in human 
NODAL from patients with heterotaxy and/or isolated cardiovascular malformations 
(Mohapatra et al., 2009). Human NODAL with these mutations show reduced signaling 
activities in P19 cells using an exogenous reporter assay (Mohapatra et al., 2009). However, 
whether these mutations affect the NODAL protein stability remains unclear. When 
injected with equal amounts of the RNAs, the source cells should produce the mutant and 
wild-type proteins at similar levels. By examining the profiles of the fluorescent intensity 
of the mutant and wild-type proteins, we show that all the three mutants are significantly 
less stable than wild-type Cyc. This instability is reflected in the shape and decay length of 
the gradients of these proteins. 
 
Taken together, these findings suggest that the clearance rate of the Nodals plays a more 
important role in controlling their signaling range. To confirm this, further investigation 
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3.5.2 Diffusion rate for the same molecule varies depending on experimental 
approach used for measurement 
The diffusivity of extracellular signaling molecules can be a major factor that determines 
their range of signaling (Muller and Schier, 2011). Diffusion coefficients reflect the 
diffusivity of the molecules and two techniques, FCS and FRAP, are frequently used to 
acquire this data. However, the diffusion coefficients determined by these two techniques 
can vary dramatically (Rogers and Schier, 2011). For example, in Drosophila imaginal 
discs, the measured diffusion coefficient of Dpp-GFP is 10 ± 1 m2/s from FCS 
measurements (Zhou et al., 2012) and is only 0.1 ± 0.05 m2/s as determined by FRAP 
(Kicheva et al., 2007); in zebrafish embryos, the diffusion coefficient of Fgf8-EGFP is  
53 ± 8 m2/s in FCS experiments (Yu et al., 2009a) while it is only 1.6 ± 0.2 m2/s in 
FRAP assays (Müller et al., 2013). Hence FCS and FRAP produce different readouts. The 
reason behind this difference might be different environmental contexts, time windows and 
length scales. FCS determines diffusion in a small volume (< 0.5 µm3) over a short 
timescale (< 100 s), whereas FRAP measures diffusion in a large area (> 1,000 µm3) over 
a long time period (> 1 h) (Rogers and Schier, 2011). FCS mainly detects the short-term 
diffusion in a subarea of the tissue, whereas FRAP based measurements provide effective 
diffusion coefficients that reflect long-term movements through a larger tissue area. The 
reason that the diffusion rate determined by FRAP based approach is much lower is 
possibly because of the fast clearance of molecules during diffusion (e.g. Dpp (Kicheva et 
al., 2007)) and/or transient binding to immobilized diffusion regulators (e.g. Fgf8 (Yu et 
al., 2009a)). 
 
Interestingly, the local diffusion coefficients of Nodal and Lefty proteins measured by FCS 
are very similar (~60 µm2/s, Table 3.2), but 3-85 times higher than the global effective 
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diffusion coefficients measured by FRAP (18.9 ± 3.0 µm2/s for Lefty2, 3.2 ± 0.5 µm2/s for 
Sqt and 0.7 ± 0.2 µm2/s for Cyc) (Müller et al., 2013). The large differences in the local 
and global diffusion coefficients of Nodals suggest that the diffusion of Nodals might be 
regulated by a mechanism similar to Dpp and/or Fgf8. In contrast, Lefty, a Nodal inhibitor, 
has a very long half-life and may not bind with other regulators to slow down its effective 
diffusion.  
 
3.5.3 Receptor binding is not the cause for the long range of Sqt 
Morphogen movement can be hindered by transient binding to extracellular molecules, 
such as receptors or extracellular matrix components (Baeg et al., 2004; Belenkaya et al., 
2004; Han et al., 2004; Lander et al., 2002; Wang et al., 2008; Yu et al., 2009a). The steep 
gradients, and the differences in local and global diffusion coefficients of Nodals together 
suggest that the establishment of the Nodal gradient might be regulated by transient binding 
to other molecules. Although Nodals have been shown to bind with a number of partners 
including membrane anchored receptors/co-receptors (Schier, 2003; Shen, 2007), 
extracellular matrix anchored sulfated glycosaminoglycans (Oki et al., 2007) and diffusible 
growth differentiation factor 1 (GDF1) (Tanaka et al., 2007) and Lefty (Chen and Shen, 
2004; Chen and Schier, 2002), the binding affinities have not been quantitatively 
determined. Therefore, the dissociation constants of Cyc and Sqt to their common receptor 
Acvr2b and inhibitor Lefty2 were quantitatively determined by FCCS in live zebrafish 
embryos. Surprisingly, the long range Sqt binds to Acvr2b with a higher affinity than the 
short range Cyc. Cyc binding to Acvr2b shows a ~2-fold higher Kd (124 ± 12 nM vs  
65 ± 7 nM) compared to Sqt binding to the same receptor. In general, stronger ligand-
receptor binding causes more ligands to accumulate close to the source and thereby, 
reduces their signaling range. Therefore, it is very unlikely that the differential signaling 
range of Sqt and Cyc is due to the difference in their receptor binding affinities. However, 
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a ligand with a higher affinity to its receptor might be more efficient in activating its 
receptor and downstream signaling. Thus, the higher affinity of the Sqt-Acvr2b complex 
might contribute to the higher inductivity of Sqt (Chen and Schier, 2001; Muller et al., 
2012; Tian et al., 2008). 
 
3.5.4 Sqt and Cyc bind to Lefty2 in the extracellular space 
Auto-regulatory feedback is essential for gradient maintenance and robust signaling of the 
Nodals (Schier, 2009; Shen, 2007). The Nodal inhibitor Lefty, which can be induced by 
Nodal and in return represses Nodal signaling, is a critical component in this feedback loop 
(Shen, 2007). However, the molecular mechanism underlying Nodal inhibition by Lefty 
has not been completely understood. Previous studies show that Lefty can interact with 
Nodal but not Activin receptors in solution, and thereby block Nodal from binding to its 
receptor. Moreover, Lefty can also bind to the Nodal co-receptor, Cryptic, but not Acvtivin 
receptors (Chen and Shen, 2004). Interestingly, another study showed controversial 
evidence that Lefty inhibition can be rescued by overexpression of Activin receptors 
suggesting that Lefty antagonizes Nodal signaling through competitive binding to Activin 
receptors (Sakuma et al., 2002). However, none of these interactions have been verified in 
vivo.  
 
Therefore, the Kd of Sqt with Lefty2 (29 ± 1.2 nM) and Cyc with Lefty2 (50 ± 3 nM) 
determined by FCCS are the first quantitative data of Nodal factors binding with Lefty in 
vivo. Moreover, the diffusivity of Nodal-Lefty complexes is almost identical to that of the 
freely diffusing Nodals and Leftys (Table 3.3), suggesting the Nodal-Lefty complex does 
not require the membrane anchored receptors or co-receptors because if the complex were 
membrane anchored, the diffusion coefficient would be much slower. These results also 
suggest that Lefty might act like the BMP inhibitor, Chordin, and shuttles Nodal to a distal 
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site without getting degraded (Lewis, 2008; Rogers and Schier, 2011; Zakin and De 
Robertis, 2010).  
 
Several questions related to the inhibition of Nodal by Lefty still remain unanswered: 1) 
Does Lefty bind to Nodal receptors and/or co-receptors in physiological conditions? 2) If 
it does, are these interactions direct or indirect? Using some of the approaches discussed in 
this thesis, some of these questions can be answered. For example, by measuring the Kd of 
Lefty-GFP and Oep-mCherry/Acvr2-mCherry, it may be possible to determine whether 
Lefty binds to the receptor/co-receptor in live zebrafish embryos. By using the membrane 
anchoring defective (Zhang et al., 1998) or the truncated extracellular domain of 
Oep/Acvr2b, to determine the Kd and diffusion coefficient of the complex by FCCS, we 
should be able to tell whether other membrane anchored components are required in the 
Lefty complex.  
 
 
Table 3.3 Diffusion coefficients of Nodal, Lefty and their complex 
 DACF* (µm2/s ± SEM) DCCF** (µm2/s ± SEM) n 
Sqt-EGFP 
Lefty2-mCherry 
G: 56 ± 1 GR: 50 ± 2 
90 
R: 63 ± 1 RG: 45 ± 2 
Cyc-EGFP 
Lefty2-mCherry 
G: 51 ± 1 GR: 50 ± 2 
65 
R: 60 ± 2 RG: 46 ± 2 
sec-EGFP 
sec-mCherry 
G: 78 ± 3 
N.A. 38 
R: 68 ± 4 
 
 
* DACF, the diffusion coefficient obtained from the auto-correlation function, represents the 
diffusivity of green or red proteins 
* DCCF, the diffusion coefficient obtained from the cross-correlation function, representing 
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3.5.5 The influence of endogenous proteins  
Although endogenous Sqt does not affect the gradient of Sqt-EGFP expressed in ectopic 
clones (Muller et al., 2012), it has been suggested that the endogenous unlabeled ligands 
might compete with over-expressed proteins for receptor-ligand binding (Ries et al., 2009). 
In agreement with this hypothesis, we found that endogenous Sqt quenched the proportion 
of dimerized labeled Sqt, especially when the labeled Sqt was expressed at low 
concentrations (Figure 3.7). Therefore, to overcome the effect of endogenous proteins, the 
labeled proteins need to be expressed at relatively high concentrations. However, high 
levels of exogenous proteins might alter the physiological environment in the tissue of 
interest and indirectly affect the measurements from actual values. For example, high level 
of exogenous Nodal proteins will induce the expression of the Nodals themselves and their 
inhibitors by the feedback loops in Nodal pathway. 
 
Therefore, to eliminate these complications, a system that only expresses labeled Nodals 
at physiological levels is required. Recently, it has been shown that an EGFP tag can be 
introduced precisely into a target region in the zebrafish genome (Zu et al., 2013). Thus, 
using a similar approach, it may be possible to generate endogenous nodal-gfp transgenes 
in zebrafish and use them for FCCS measurements in the future.  
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Figure 3.7 Endogenous Sqt quenches the population of exogenous Sqt dimers. (A) 
Representative auto- and cross-correlation functions and fittings collected in spot 
pointed by white triangles in panel B. (B) Confocal images of embryos co-injected with 
equal amount of Sqt-EGFP and Sqt-mCherry RNA. Scale bars: 20 m. (C) The 
percentages of exogenous Sqt dimers (complex) were determined by FCCS in embryos 
injected with various doses of RNAs. Since Sqt forms dimers, Sqt-EGFP-Sqt-mCherry 
complex could be detected and quantified by FCCS, when Sqt-EGFP and Sqt-mCherry 
are co-expressed in zebrafish embryos. Similar approaches to determine complex 
percentage has been described in previous studies (Baudendistel et al., 2005; Foo et al., 
2012; Saito et al., 2004; Shi et al., 2009a; Shi et al., 2009f). Covalently linked EGFP 
and mCherry were used as a positive control, and sec-EGFP and sec-mCherry RNA 
were co-injected into embryos as a negative control. The detected Sqt dimer percentage 
increases when more RNAs were injected (C) and decreased when unlabeled wild type 
sqt RNA in provided (D). (E) The measured percentages of Sqt dimers is correlated 
with the total number of particles (Green + Red fluorescent protein labeled) in wild-
type embryos, and this correlation disappears when endogenous Sqt expression is 
suppressed by sqt Morpholino (F) (sqt intron IID Morpholino was used (Gore et al., 
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As described in the previous chapter, the endogenous Cyc and Sqt proteins might have 
significant influences that prevent us to determine the distribution and Kd accurately. To 
avoid the interference from these endogenous proteins, embryos that completely lack Sqt 
and Cyc proteins are required. However, previously identified sqt and cyc related mutants 
are either capable of expressing truncated or amino acid substituted proteins, which might 
interact with their wild-type counterparts, or contain large chromosome deletions that 
might affect other essential genes (Brand et al., 1996; Golling et al., 2002; Hatta et al., 
1991; Heisenberg and Nusslein-Volhard, 1997; Schier et al., 1996; Tian et al., 2003). 
 
Therefore, to generate “cleaner” mutants that help us to better analyze the functional 
differences of Nodals in zebrafish, a method that utilizes combinations of targeted 
nucleases to generate large deletions and RNA null mutants was developed. With this 
genome editing method, cyc and sqt RNA null mutants were generated. Surprisingly, 
significantly higher mutagenesis efficiency was observed when the nucleases were used 
combinatorially.  
 
4.1 Targeted deletions in egfp can be easily generated by injecting double egfp TALEN 
pairs 
To test if large deletions can be introduced effectively into zebrafish with multiple 
TALENs, the reporter gene egfp in Tg(Ds DELGT4) sg310 transgenic zebrafish was targeted 
(Figure 4.1A). The Tg(Ds DELGT4)sg310 line was selected because of the robust and 
ubiquitous EGFP expression in the offspring embryos at early development stages (Figure 
4.1B). Two TALEN target sites spaced ~600bp apart targeting egfp sequences (Black 
arrows in Figure 4.1A) were selected and the TALEN constructs were assembled via “Unit 
assembly” method (see section 2.2.1.2). Each TALEN pair was examined individually and 
in combinations, at various doses, by injecting TALEN RNA into the embryos. Injected 
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embryos were then assessed for abnormalities or lethality, and for EGFP expression 
(Figure 4.1B, C). The number of abnormal embryos and lethality increased when higher 
doses of egfp TALEN pairs were used (Table 4.1). Disruption of EGFP expression could 
be easily observed in sectors of the eyes and neural tube of the embryos injected with 
double TALEN pairs, as early as 24 hours post fertilization (hpf) (Figure 4.1C). Compared 
to single TALEN pair injected embryos, a much larger population of embryos injected with 
double TALEN pairs injected showed disrupted eye EGFP expression (~80% (double) 
versus ~10-30% (single)), suggesting that the EGFP expression can be more effectively 
disrupted by injecting double egfp TALEN pairs in zebrafish embryos. 
 
The injected embryos were then lysed and the egfp region was amplified by PCR with 
primers flanking the egfp TALEN sites (purple and magenta triangles, Figure 4.1A).  An 
~250 bp fragment was detected in all the embryos injected with double TALEN pairs  
(n = 23), whereas only an 854 bp wild-type egfp fragment was amplified from un-injected 
control embryos (Figure 4.1D). This suggests that the intervening sequences were excised 
in some cells of injected embryos. To confirm this, the amplicons were subcloned and 
sequenced (see section 2.2.4.1). The sequences from the subclones show large as well as 
small deletions (Figure 4.1E and 4.7), likely due to the mosaicism of the injected TALEN 
RNA pairs, and non-homologous end joining events. Thus, defined large deletions that 









Figure 4.1 Targeted deletions in egfp. (A) Schematic representation of chromosome 21 
showing the position of the Tg(Ds DELGT4)sg310 enhancer trap insertion. The Ds transposon 
terminal repeat sequences are indicated by grey triangles; green arrow indicates egfp 
reporter sequences and orientation, orange box indicates the glial fibrillary acidic protein 
mini-promoter; TALEN targeting sites are shown with black arrows and genotyping primers 
are indicated by blue and magenta triangles. (B) A 30 hpf Tg(Ds DELGT4)sg310 embryo 
showing ubiquitous and robust expression of EGFP; inset shows uniform EGFP expression 
in the eye; scale bars, 500 μm in B, 50 μm in inset. (C) Tg(Ds DELGT4)sg310 embryo injected 
with egfp TALEN pairs showing patchy and reduced EGFP expression; inset shows loss of 
EGFP expression in some sectors of the eye. (D) PCR with primers spanning the TALEN 
targeting sites (black arrowheads in A) shows the expected ~250 bp truncated egfp and 
854bp full-length egfp products in individual embryos injected with egfp TALEN pairs, 
whereas only the full-length product is observed in the un-injected control embryo (‘+g’). 
‘–g’ indicates no template control. (E) Alignment of wild type egfp sequences with mutated 
PCR amplicons shows various deletions of ~600 bp between the targeting sites, 
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Targeting Nuclease(s) Normal Abnormal Dead Total (N) 
12.5pg egfp.5’TAL 86 (93.5%) 6 (6.5%) 0 (0%) 92 
25.0pg  egfp.5’TAL 14 (23.0%) 44 (72%) 3 (4.9%) 61 
12.5pg egfp.3’TAL 89 (96.7%) 2 (2.2%) 1 (1.1%) 92 
25.0pg  egfp.3’TAL 53 (61.6%) 28 (32.6%) 5 (58.0%) 86 
12.5pg  egfp.5’TAL+ egfp.3’TAL 202 (82.8%) 29 (11.9%) 13 (5.3%) 244 
25.0pg  egfp.5’TAL+ egfp.3’TAL 40 (33.1%) 62 (51.2%) 19 (15.7%) 121 
Table 4.1 Frequency of deformities and lethality in egfp TALEN injected embryos 
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4.2 Generating targeted deletions in cyc and sqt with nuclease combinations  
To test if large and element-specific deletions can be generated effectively in the 
endogenous loci, four pairs of TALENs, cyc.5’TAL1, cyc.5’TAL2, sqt.5’TAL and 
sqt.3’TAL, were designed and synthesized. cyc.5’TAL1 targets sequences ~230 bp 
upstream of the predicted transcriptional start site (TSS) of cyc, and cyc.5’TAL2 targets 
sequences within cyc exon 1 after the start codon. These two TALEN pairs span a genomic 
region of ~380 bp which encompasses the cyc TSS (Figure 4.2A). Similarly, sqt.5’TAL 
targets the 5’ sequences upstream of the sqt TSS, and sqt.3’TAL targets sequences in the 
sqt 3’ un-translated region (3’UTR). These two pairs span an ~2.16kb chromosomal region 
encompassing the sqt gene (Figure 4.2A). 
 
The sqt and cyc TALEN RNAs were microinjected into 1-cell stage zebrafish embryos at 
various doses individually and in combinations. The injected embryos were then assessed 
for survival rates at 24 hpf (Table 4.2) and lysed for PCRs to detect genomic lesions. PCR 
with primers spanning the TALEN targeting sites shows an ~400 bp truncated cyc and the 
779 bp full-length cyc products in all the cyc double TALEN injected embryos, whereas in 
the un-injected control embryo, only the full-length cyc products can be detected (Figure 
4.2A and B). PCR with primers spanning the sqt locus show a 2.4 kb product for the intact 
sqt locus, whereas embryos with TALEN deletions show a ~220 bp complete locus deletion 
product and several other intermediate sized products (Figure 4.2A and C). These PCR 
products were subcloned and sequenced to confirm the deletions. Indeed, sequence of 
subcloned amplicons from both sqt and cyc injected embryos contains the expected large 
deletions of the intervening sequences (Figure 4.2D and E). Thus, large and element-
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Figure 4.2 Targeted deletions in cyc and sqt by nuclease combinations. (A) Schematic 
of the cyc and sqt genomic loci. Black arrows indicate TALEN targeting sites. E1, E2 and 
E3 indicate cyc or sqt exons 1-3. Colored triangles indicate the positions of primers used 
for detecting mutations. (B) PCR with primers (yellow and black triangles in A) spanning 
the TALEN targeting sites (black arrows in A) shows the expected ~400 bp truncated cyc 
(white arrowhead), and 779 bp full-length cyc (black arrowhead) products in 10 single 
embryos injected with cyc TALEN pairs, whereas only the full-length product is observed 
in the un-injected control embryo. All injected embryos show faint intermediate sized 
products. ‘–g’ indicates no template control. (C) PCR with primers (red and blue triangles 
in A) spanning the sqt locus show a 2.4 kb product (black arrowhead) for the intact sqt 
locus, whereas individual embryos with TALEN deletions show a ~220 bp complete locus 
deletion product (white arrowhead) and several other intermediate sized products. (D) 
Alignment of representative sequences from subcloned PCR products from (B) with wild 
type cyc sequence shows various deletions of ~400 bp between the targeting sites, 
accompanied by small insertions (red). (E) Alignment of representative sequences from 
subcloned PCR products from (C) with wild type sqt sequence shows various deletions of 





















6.25pg cyc.5’TAL+cyc.3’TAL 176 (77.5%) 30 (13.2%) 8 (3.5%) 13 (5.8%) 227 
12.5pg cyc.5’TAL+cyc.3’TAL 134 (60.1%) 54 (24.2%) 17 (7.6%) 18 (8.1%) 223 
25pg cyc.5’TAL+ cyc.3’TAL 11 (16.2%) 27 (39.7%) 27 (39.7%) 3 (4.4%) 68 




Table 4.2 Frequency of deformities and lethality in cyc and sqt nuclease-injected embryos 
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4.3 TALENs are significantly more efficient when used combinatorially 
To determine the efficiency of the single TALEN pairs and double TALEN combinations, 
10 normal-looking embryos were selected and lysed individually at 24 hpf from each batch 
of embryos injected with different TALEN pairs or combinations. Sequences spanning the 
TALEN target sites were amplified by PCR from the 10 individual embryos lysates. The 
frequency of the mutant alleles was used to represent the cutting efficiency of each TALEN 
pair and combinations. The cutting efficiencies of each single TALEN pair was estimated 
by T7E1 assay on the PCR products individually (Table 4.3), and calculated by sequencing 
the pooled PCR product (Table 4.4). Alignments and frequencies of wild type and mutant 
alleles, and the nature of mutant alleles are shown in Figure 4.3, 4.4 and 4.5.  
 
The cutting efficiencies and mutation compositions of each double TALEN combination 
was examined by sequencing the pooled PCR products (Figure 4.6-4.9 and Table 4.5). 
The mutations found in the double TALEN injected embryos were categorized into 4 
groups: 5’-3’ complete deletion, 5’-3’ incomplete deletion, 5’ only and 3’ only. The 5’-3’ 
deletion was defined as a deletion located within the region between the two TALEN target 
sites and with a size larger than half the length of this region. The 5’-3’ complete deletions 
are the 5’-3’deletions with each ends within each TALEN target site, respectively. The rest 
of the 5’-3’ deletions were classified as 5’-3’ incomplete deletions.  
 
The cutting efficiencies were compared between the single and combined TALEN pairs.  
Surprisingly, the TALENs are much more efficient when used in combinations (Table 4.5 
and Figure 4.6A). Seventeen out of 29 (58.6%) alleles are mutants and 14 (41.4%) of them 
have 5’-3’ complete deletions in embryos injected with double egfp.TALs, whereas only 
5/43 (11.6%) and 9/42 (21.4%) mutants alleles were found in egfp.5’TAL and egfp.3’TAL 
injected embryos, respectively (Table 4.4 and 4.5, Figure 4.3 and 4.7). Similarly, 45/63 
 82 
 
Chapter 4      Generating Chromosomal Deletions via Nuclease Combinations 
(71.4%) alleles are mutants and 34 of them are 5’-3’ complete deletions in double sqt.TALs 
injected embryos, and only 8/45 (17.8%) and 5/41 (12.2%) were found in sqt.5’TAL and 
sqt.3’TAL injected embryos (Table 4.4 and 4.5, Figure 4.4 and 4.8). In the cyc case, 64/81 
(79.0%) total mutations and 34 (42.0%) 5’-3’complete deletions were found in double 
cyc.5’TALs injected embryos, and 21/43 (48.8%) and 19/31 (61.3%) mutations were found 
in cyc.5’TAL1 and cyc.5’TAL2 injected embryos (Table 4.4 and 4.5, Figure 4.5 and 4.9). 
These results indicate that combinatorial use of TALENs pairs are more efficient than the 
use of single TALEN pairs in generating mutations, presumably because small 
chromosome deletions by single TALEN pairs can be repaired more efficiently and 












TALEN Pair Dosage Mutation Frequency by T7E1 in individual embryos 
  1 2 3 4 5 6 7 8 9 10 Mean ± s.e.m 
egfp.5’TAL 12.5pg 15.07% 8.67% 25.40% 16.99% 16.40% 20.68% 16.57% 18.42% 13.85% 9.88% 16.2% ± 1.5% 
egfp.3’TAL 12.5pg 25.57% 14.43% 46.31% 20.71% 30.76% 24.42% 21.81% 24.62% 11.36% 34.57% 25.5% ± 3.2% 
sqt.5’TAL 25.0pg 8.09% 7.17% 7.32% 4.18% 11.85% 8.47% 6.81% 12.83% 10.42% 13.84% 9.1% ± 1.0% 
sqt.3’TAL 25.0pg 9.77% 5.91% 4.89% 1.90% 3.46% 2.00% 4.37% 4.44% 5.48% 3.22% 4.5% ± 0.7% 
cyc.5’TAL 12.5pg 17.53% 46.86% 25.65% 24.72% 40.45% 27.34% 44.29% 32.57% 25.27% 34.58% 31.9% ± 3.0% 
cyc.3’TAL 12.5pg 43.76% 58.13% 59.00% 52.41% 57.46% 70.59% 65.23% 40.71% 41.66% 50.57% 54.0% ± 3.2% 
Table 4.3 Mutation frequencies induced by single TALEN pairs (determined by T7E1 assay) 
For each single TALEN pair, ten injected embryos were assessed for mutation frequency by the T7E1 assay.  
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egfp.5’TAL 12.5pg 5 (11.6%) 43 
egfp.3’TAL 12.5pg 9 (21.4%) 42 
sqt.5’TAL 25.0pg 8 (17.8%) 45 
sqt.3’TAL 25.0pg 5 (12.2%) 41 
cyc.5’TAL1 12.5pg 21 (48.8%) 43 
cyc.5’TAL2 12.5pg 19 (61.3%) 31 
Table 4.4 Mutation frequencies induced by single TALEN pairs (determined 
by allele sequencing) 
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egfp.5’TAL (12.5pg)  Mutation Frequency = 11.6% (5/43) 








egfp.3’TAL (12.5pg)  Mutation Frequency = 21.4% (9/42) 
CTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG wt  x33 
CTGAGCATCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG 1m 
CTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACG--AAGCGCGATCACATGGTCCTGCTGGAG -2 
CTGAGCACCCAGTCCGCCCTGAGCAAAGAAACGAC--AGAAGCGCGATCACATGGTCCTGCTGGAG -2(-8,+6)  










Figure 4.3 Alignment of egfp sequences amplified from egfp TALEN injected embryos. 
Insertions are highlighted in cyan, deletions are indicated with red dashed lines and single 
nucleotide substitutions are highlighted in magenta. Nature and extent of mutations, and frequency 
of alleles observed >1 (x n) are shown to the right of the alignments. 
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sqt.5’TAL (25pg)  Mutation Frequency = 17.8% (8/45) 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGA  wt   x37 
CTGCAAGTTTCTATAAATGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGA  1m 
CTGCAAGTTTCTATAAGCGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGA  1m 
CTGCAAGTTTCTATAAGTGAACTTAGGTGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGA  1m 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACCCATGACATTCACTTTCCAGAGGA  1m 
CTGCAAGTTTCTATAAGTGAACTTAGATG---------//---------TCTACCGGACACTTCT -288 




sqt.3’TAL (25pg)  Mutation Frequency = 12.2% (5/41) 
ATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAA  wt x36 







  Figure 4.4 Alignment of sqt sequences amplified from sqt TALEN injected embryos. Insertions 
are highlighted in cyan, deletions are indicated with red dashed lines and single nucleotide 
substitutions are highlighted in magenta. Nature and extent of mutations, and frequency of alleles 
observed >1 (x n) are shown to the right of the alignments. 
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cyc.5’TAL1 (12.5pg)  Mutation Frequency = 48.8% (21/43) 
ATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGAC  wt x22 




ATCCACGTTTAATGTAATATAATCAC----------GTAGCTACATTACCTTCAAAGGAC -10  x6 
ATCCACGTAGCTAT------------------------------ATTACCTTCAAAGGAC -30(-36,+6) 




cyc.5’TAL2 (12.5pg)  Mutation Frequency = 61.3% (19/31) 
ATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGA   wt x12 
ATATGTCACACCACATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGA   1m 
ATATGTCACACCGCATGCATCTGCCCACGTAAATGATGCATCTCTATCGGCATTACAAGA   1m 
ATATGTCACACCGCATGCATCTGCCCACGT-CGTGATGCATCTCTATCGGCATTACAAGA  -1(-3,+2) 
ATATGTCACACCGCATGCATCTGCCC----ACGTGATGCATCTCTATCGGCATTACAAGA  -4 
ATATGTCACACCGCATGCATCTGCCCAC-----TGATGCATCTCTATCGGCATTACAAGA  -5 
ATATGTCACACCGCATGCATCTGCCCACGC-----ATGCATCTCTATCGGCATTACAAGA  -5(-6 +1) 
ATATGTCACACCGCATGCATCTGCCCACG------ATGCATCTCTATCGGCATTACAAGA  -6  x2 
ATATGTCACACCGCATGCATCTGCCCA---------TGCATCTCTATCGGCATTACAAGA  -9 
ATATGTCACACCGCATGCATCTGCCCACG---------CATCTCTATCGGCATTACAAGA  -9 
ATATGTCACACCGCATGCATCTGCCCACT-----------TCTCTATCGGCATTACAAGA  -11(-12,+1) 
ATATGTCACACCGCATGCATCTG------------ATGCATCTCTATCGGCATTACAAGA  -12 
ATATGTCACACCGCATGCATCTGCCCA-------------TCTCTATCGGCATTACAAGA  -13 
ATATGTCACACCGCATGTATCTGC---------------ATCTCTATCGGCATTACAAGA  -15, 1m 
ATATGTCACACCGCATGCATCTGCCCACGGC--------------ATCGGCATTACAAGA  -14(-16,+2) 
ATATGTCACACCGCATGCATCTGCCCA------TGATGCATCTCTATCGGCATTACAAGA  -16 
ATATGTCACACCGCATGCATCTGCCCACG--------------------GCATTACAAGA  -20 
ATATGTCACACCGCATGCATCT---------------------CTATCGGCATTACAAGA  -21 
ATATGTCACACCGCATGCATCTGCCCACGTACTACATGATGCATCTCTATCGGCATTACA  +3 
 
Figure 4.5 Alignment of cyc sequences amplified from cyc TALEN injected embryos. Insertions 
are highlighted in cyan, deletions are indicated with red dashed lines and single nucleotide 
substitutions are highlighted in magenta. Nature and extent of mutations, and frequency of alleles 
observed >1 (x n) are shown to the right of the alignments.  
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Figure 4.6 Double TALEN pair combinations are more efficient than single 
TALEN pairs. (A) Graph showing % cutting efficiency of single TALEN pairs 
targeting egfp, sqt and cyc, in comparison to double TALEN pairs, as determined by 
sequencing (% 5’-3’ complete deletions amongst all sequenced alleles for double TAL 
pair injections are shown as purple bars). (B) Graph showing frequency of different 
mutant alleles in double TALEN pair-injected embryos for egfp, sqt and cyc.  Deletions 
in the 5’- site alone, 3’-site alone, complete 5’-3’ deletions, and incomplete 5’-
3’deletions (which are larger than individual 5’ alone or 3’ alone deletions but smaller 
than complete 5’-3’ deletions) were observed.  
 89 
 











Total (%) 5'-3' Complete (%) 5'-3' Incomplete (%) 5' Only (%) 3' Only (%) 
egfp.5’TAL+3’TAL 12.5 29 12 (41.4%) 17 (58.6%) 14 (48.3%) 0 (0.0%) 2 (6.9%) 1 (3.4%) 
sqt.5’TAL+3’TAL 25.0 63 18 (28.6%) 45 (71.4%) 34 (54.0%) 10 (15.9%) 0 (0.0%) 1 (1.6%) 
cyc.5’TAL+3’TAL 12.5 81 16 (19.8%) 64 (79.0%) 34 (42.0%) 1 (1.2%) 25 (30.9%) 5 (6.2%) 
Table 4.5 Mutation frequencies induced by TALEN pair combinations  
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egfp.5’TAL + 3’TAL (12.5pg each)   Allele Number:  wt = 12, 5’-3’ Complete = 14, 5’-3’ Incomplete = 0, 5’ short indel = 2, 3’ short indel = 1 
 
 
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG//+560bp//CAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGT   wt    x12 
   
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGGTGGTACC----------------//-560bp//------------------------------------------------------------CATGGTCCTGCTGGAGT -596(-604,+8)  
GTGAGCAAGGGCGAGGAGCTGTTCACCGGCCCCT------------------------------------//-560bp//------------------------------------------------GAAGCGCGATCACATGGTCCTGCTGGAGT -604(-609,+5)  
GTGAGCAAAGGCGAGGAGCTGTTCACC-------------------------------------------//-560bp//------------------------------------------CAACGAGAAGCGCGATCACATGGTCCTGCTGGAGT -605   
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGTGG-------------------------------------//-560bp//----------------------------------------------------CGCGATCACATGGTCCTGCTGGAGT -608(-612,+4)  
GTGAGCAAGGGCGAGGAGCTGTTC----------------------------------------------//-560bp//-------------------------------------------------------GATCACATGGTCCTGCTGGAGT -621   
GTGAGCAAGGGCGAGGAGCTGTTCAC--------------------------------------------//-560bp//-------------------------------------------------------------ATGGTCCTGCTGGAGT -625      x2 
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT--------------------------------------//-560bp//----------------------------------------------------------CACATGGTCCTGCTGGAGT -616   
GTGAGCAAGGGCGAG-------------------------------------------------------//-560bp//-------------------------------------------------AAGCGCGATCACATGGTCCTGCTGGAGT -624   
GTGAGCAAGGGCGAGGAGCT--------------------------------------------------//-560bp//------------------------------------------------------CGATCACATGGTCCTGCTGGAGT -624   
GTGAGCAAGGGCGAGGAGC---------------------------------------------------//-560bp//-------------------------------------------------------GATCACATGGTCCTGCTGGAGT -626   
GTGAGCAAGG------------------------------------------------------------//-560bp//-----------------------------------------------------------------TCCTGCTGGAGT -645   
GTGAGCAAGGGCGAGG------------------------------------------------------//-560bp//-------------------------------------------------------------//-16bp//--GGATT -666   
GTGAGCAAGGGCGAGGAGCTG-------------------------------------------------//-560bp//-------------------------------------------------------------//-63bp//--CGACT -708   
 
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG//+560bp//CAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGT [5’]+2    x2 
 
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACG//+560bp//CAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACG--GAGCGCGATCACATGGTCCTGCTGGAGT [3’]-2(-3,+1)  
 
Figure 4.7 Alignment of egfp sequences amplified from double egfp TALEN pair injected embryos. Sequences are categorized as wild type, 
5’- only, 3’-only, and incomplete or complete 5’-3’ deletions. The target site of the 5’ pairs is highlighted in yellow and the 3’ pairs in green. 
Underlined sequences are the binding site of each TALEN arm. Insertions are highlighted in blue and deletions are indicated with red dashed lines. 
Numbers in the middle of the alignment indicate the number of intervening gaps or bases. Nature and extent of mutations, and frequency of alleles 
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sqt.5’TAL + 3’TAL (25pg)   Allele number: wt = 18, 5’-3’ Complete = 34, 5’-3’ Incomplete = 10, 5’ short indel = 0, 3’ short indel = 1 
  
 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGACGGT//      +2090bp   //AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA   wt          x18 
 
CTGCAAGTTTCTATAAGTGAA------------------------------------------------//-2010bp,  +79bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA  -2058    
CTGCAAGTTTCTATAAGTGAACTTAGATGTAATTTGAACTTAGAAACTTGCGTGTTTGCAT--------//     -2088bp    //----------------------------------------------AATAGTAGAGTATGTAAATTACCAAA -2142(-2174,+32)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACTTAGATGAC-----------------------------//     -2088bp    //-------------------------------TTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2147(-2156,+9)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGG-----------------------------------//     -2088bp    //----------------------------------GCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2157    
CTGCAAGTTTCTATAAGTGAACTTAGATGACACTTAGA-------------------------------//     -2088bp    //--------------------------------------TATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2157(-2164,+7)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCC---------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2158          x2    
CTGCAAGTTTCTATAAGTGAACTTAGATGATTAGATTATCA----------------------------//     -2088bp    //-------------------------------------------GTAAATAGTAGAGTATGTAAATTACCAAA -2159(-2170,+11)  
CTGCAAGTTTCTATAAGTGAACTTAGAT-----------------------------------------//     -2088bp    //---------------------------------TGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2162    
CTGCAAGTTTCTATAAGTGAACTTAGATGACC-------------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2162          x4 
CTGCAAGTTTCTATAAGTGAACTTAGATGAC--------------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2163    
CTGCAAGTTTCTATAAGTGAACTTA--------------------------------------------//     -2088bp    //----------------------------------GCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2166    
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGC----------------------------------//     -2088bp    //----------------------------------------------AATAGTAGAGTATGTAAATTACCAAA -2168    
CTGCAAGTTTCTATAAGTGAACTTAGATGACATATTAG-------------------------------//     -2088bp    //-------------------------------------------------AGTAGAGTATGTAAATTACCAAA -2168(-2175,+7)  
CTGCAAGTTTCTATAAGTGAACTTAGATGA---------------------------------------//     -2088bp    //--------------------------------------------TAAATAGTAGAGTATGTAAATTACCAAA -2171          x2 
CTGCAAGTTTCTATAAGTGAACTTA--------------------------------------------//     -2088bp    //----------------------------------------TCTGTAAATAGTAGAGTATGTAAATTACCAAA -2172          x3 
CTGCAAGTTTCTATAAGTGAACTTAGATG----------------------------------------//     -2088bp    //--------------------------------------------TAAATAGTAGAGTATGTAAATTACCAAA -2172    
CTGCAAGTTTCTATAAGTGAACTTAGATGTAAATAGTA-------------------------------//     -2088bp    //------------------------------------------------------AGTATGTAAATTACCAAA -2173(-2182,+9)  
CTGCAAGTTTCTATAAGTGAACTTAGA------------------------------------------//     -2088bp    //-----------------------------------------------ATAGTAGAGTATGTAAATTACCAAA -2177    
CTGCAAGTTTCTATAAGTGAACTTAGATGA---------------------------------------//     -2088bp    //-------------------------------------------------------GTATGTAAATTACCAAA -2182    
CTGCAAGTTTCTATAAGTGAACTTAGATGA---------------------------------------//     -2088bp    //------------------------------------------------------------TAAATTACCAAA -2187    
CTGCAAGTTTCTATAAGTGAACTTAGATGATTAGA----------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2159(-2164,+5)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACC-------------------------------------//     -2088bp    //------------------------------------CTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2161    
CTGCAAGTTTCTATAAGTGAACTTAGATGACC-------------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2162          x2 
CTGCAAGTTTCTATAAGTGAACTTAGAT-----------------------------------------//     -2088bp    //---------------------------------TGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2162    
CTGCAAGTTTCTATAAGTGAACTTAGAACT---------------------------------------//     -2088bp    //-------------------------------------TTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -2167(-2170,+3)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGG-----------------------------------//     -2088bp    //-----------------------------------------------ATAGTAGAGTATGTAAATTACCAAA -2170    
 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGAGGAGGA----------------------------//-1095bp, +994bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1123(-1130,+7)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACT---------------------------//-2105bp, +444bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1672    
CTGCAAGTTTCTATAAGTGAACTTA--------------------------------------------//-1638bp, +451bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1682    
CTGCAAGTTTCTATAAGTGAACTCTAATGTTTGTTG---------------------------------//-1783bp, +306bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1816(-1829,+13)  
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGACGGT//+230bp, -1859bp//----------------------------------------------AATAGTAGAGTATGTAAATTACCAAA -1904    
CTGCAAGTTTCTATAAGTGAACTTAGATG----------------------------------------//-1924bp, +165bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1964    
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGACGGT//+170bp, -1919bp//----------------------------------------------AATAGTAGAGTATGTAAATTACCAAA -1964           x2 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAG-------------------------------//-1934bp, +155bp//AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCTTATCTGTAAATAGTAGAGTATGTAAATTACCAAA -1965           x2 
 
CTGCAAGTTTCTATAAGTGAACTTAGATGACCGGCCAGCACTCATGACATTCACTTTCCAGAGGACGGT//     +2088bp    //AACTTGATGCTATTATTGAAAGCTTTGCGTGTTTGCCT--------AATAGTAGAGTATGTAAATTACCAAA [3’]-8 
 
 
Figure 4.8 Alignment of sqt sequences amplified from double sqt TALEN pair injected embryos. Sequences are categorized as wild type, 5’- 
only, 3’-only, and incomplete or complete 5’-3’ deletions. The target site of the 5’ pairs is highlighted in yellow and the 3’ pairs in green. Underlined 
sequences are the binding site of each TALEN arm. Insertions are highlighted in blue and deletions are indicated with red dashed lines. Numbers in 
the middle of the alignment indicate the number of intervening gaps or bases. Nature and extent of mutations, and frequency of alleles observed >1 
(x n) are shown to the right of the alignments. 
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cyc.5’TAL1 + 5’TAL2 (12.5pg)     Allele number: wt = 16, 5’-3’ Complete = 34, 5’-3’ Incomplete = 1, 5’ short indel = 25, 3’ short indel = 5 
 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG wt     x16 
 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAATTATAC------------------------------------------------//-235bp,  +65bp//GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG -283(-290,+7)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACGTAGCTACATTCCTCAAAGGACGAGCGCGGTGACGTCACGCATGATA---------//    -300bp    //-----------------------------------------CATCTCTATCGGCATTACAAGATG -349(-397,+48)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGG-----------------------//    -300bp    //---------------------------------------TGCATCTCTATCGGCATTACAAGATG -362(-393,+31)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCACATGTACACAGTATCACA----------------------------------//    -300bp    //-------------------------------GTACATGATGCATCTCTATCGGCATTACAAGATG   -365(-383,+18)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGCATCTCTATCGGCATTATCA-------------------------------//    -300bp    //-------------------------------------GATGCATCTCTATCGGCATTACAAGATG -368(-388,+20)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGATAATGTAATATAATC--------------------------------------//    -300bp    //---------------------------------ACATGATGCATCTCTATCGGCATTACAAGATG -372(-387,+15)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACGCATGCATAGAC---------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -374(-392,+18)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCATCTCTATGCATCTC--------------------------------------//    -300bp    //-------------------------------------GATGCATCTCTATCGGCATTACAAGATG -375(-389,+14)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCTGGGTTAGGGTTAGGGGTT----------------------------------//    -300bp    //-----------------------------------ATGATGCATCTCTATCGGCATTACAAGATG -379(-388,+19)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAG----------------------------------------------//    -300bp    //----------------------------------CATGATGCATCTCTATCGGCATTACAAGATG -380(-390,+10)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAGTATC------------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -380(-392,+12)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCATATATA----------------------------------------------//    -300bp    //-----------------------------------ATGATGCATCTCTATCGGCATTACAAGATG -381(-387,+6)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCATAATCACA--------------------------------------------//    -300bp    //--------------------------------------ATGCATCTCTATCGGCATTACAAGATG -382(-390,+8)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCATA--------------------------------------------------//    -300bp    //-----------------------------------ATGATGCATCTCTATCGGCATTACAAGATG -385(-387,+2)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACTA-------------------------------------------------//    -300bp    //-------------------------------------GATGCATCTCTATCGGCATTACAAGATG -386(-393,+7)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCA----------------------------------------------------//    -300bp    //----------------------------------CATGATGCATCTCTATCGGCATTACAAGATG -386  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCTC---------------------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -387(-389,+2)  
AGTGCAGCAAAGTATCCACGTTTAATGTGATATAATCACTAGACTATA-----------------------------------------------//    -300bp    //----------------------------------------GCATCTCTATCGGCATTACAAGATG -387(-407,+20)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGAGA---------------------------------------------------//    -300bp    //-------------------------------------GATGCATCTCTATCGGCATTACAAGATG -388(-391,+3)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACT--------------------------------------------------//    -300bp    //--------------------------------------ATGCATCTCTATCGGCATTACAAGATG -388(-394,+6)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCA----------------------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -388  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACACG-----------------------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -389(-391,+2)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACA-------------------------------------------------------//    -300bp    //----------------------------------CATGATGCATCTCTATCGGCATTACAAGATG -389  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAG------------------------------------------------------//    -300bp    //-----------------------------------ATGATGCATCTCTATCGGCATTACAAGATG -389 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTA------------------------------------------------------//    -300bp    //-------------------------------------GATGCATCTCTATCGGCATTACAAGATG -391(-393,+2)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACA-------------------------------------------------------//    -300bp    //------------------------------------TGATGCATCTCTATCGGCATTACAAGATG -391  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAG------------------------------------------------------//    -300bp    //--------------------------------------ATGCATCTCTATCGGCATTACAAGATG -392  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACA-------------------------------------------------------//    -300bp    //---------------------------------------TGCATCTCTATCGGCATTACAAGATG -394 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCATCTCTATCGGCATC--------------------------------------//    -300bp    //---------------------------------------------------------ACAAGATG -395(-490,+14)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGC-----------------------------------------------------//    -300bp    //---------------------------------------------TCTATCGGCATTACAAGATG -398  
AGTGCAGCAAAGTATCCACGTTTAATG--------------------------------------------------------------------//    -300bp    //--------------------------------------ATGCATCTCTATCGGCATTACAAGATG -406    
AGA--------------------------------------------------------------------------------------------//    -300bp    //--------------------------------TACATGATGCATCTCTATCGGCATTACAAGATG -424(-425,+1)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACTAGACA--------------------------------------------------//    -300bp    //----------------------------------------//-40bp//--CCTCGAGCACGAGC -471(-477,+6)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCAC----------GTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACG----//    -300bp    //--------------------------------------ATGCATCTCTATCGGCATTACAAGATG -341, [5’]-10  
 
AGTGCAGCAAAATATC-------------------------------------------------------------------------------//-70bp, +230bp//GGAATATGTCACACCGCATGCATCTGCATCTCTATCGGCA---------------TTACAAGATG [5’]-149, [3’]-16 
 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACGGCGGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’] 2m    x4 
AAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]+8    x7  
AAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAGCAGCTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]+8(-6,+14)  
GCAGCAAAGTATCCACGTTTAATGTAATCACTAGACTATAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]+3(-8,+11)  
TGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAAATTATATTACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]+2(-9,+11)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCAC----------GTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]-10   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCTACA-----------ATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACATGATGCATCTCTATCGGCATTACAAGATG [5’]-11(-15,+4)  
AAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCT---------------------CTATCGGCATTACAAGATG [5’]+8  [3’](-21)  
AAAGTATCCACGTTTAATGTAATATAATCACTAGACTATAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGT--ATGATGCATCTCTATCGGCATTACAAGATG [5’]+8  [3’]-2  x2 
TGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGT-—ATGATGCATCTCTATCGGCATTACAAGATG [5’]+2  [3’]-2   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAG---------TAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCA------TGATGCATCTCTATCGGCATTACAAGATG [5’]-9  [3’]-6   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCA-----CGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACATCTGCC---CATCTCTATCGGCATTACAAGATG [5’]-5  [3’]-3(-10,+7)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCA-----CGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCA------TGATGCATCTCTATCGGCATTACAAGATG [5’]-5  [3’]-6   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAG---------TAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACG------ATGCATCTCTATCGGCATTACAAGATG [5’]-9  [3’]-6   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCAC----------GTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTACCATGATGCATCTCTATCGGCATTACAAGAT [5’]-10 [3’]+1   
 
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGCATCTGCCCATGATGCATCTCTATCGGCATTAC [3’]+6(-2,+8)  
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCACGTATACATGATGCATCTCTATCGGCATTACAAGA [3’]+2   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCA------TGATGCATCTCTATCGGCATTACAAGATG [3’]-6   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCTGCCCA-------------TCTCTATCGGCATTACAAGATG [3’]-13   
AGTGCAGCAAAGTATCCACGTTTAATGTAATATAATCACAGCAGTTCACGTAGCTACATTACCTTCAAAGGACGAGCGCGGTGACGTCACGCGCG//    +300bp    //GGAATATGTCACACCGCATGCATCT---------------------CTATCGGCATTACAAGATG [3’]-21   
 
 
 Figure 4.9 Alignment of cyc sequences amplified from double cyc TALEN pair injected embryos. Sequences are categorized as wild type, 5’- only, 3’-only, 
and incomplete or complete 5’-3’ deletions. The target site of the 5’ pairs is highlighted in yellow and the 3’ pairs in green. Underlined sequences are the binding 
site of each TALEN arm. Insertions are highlighted in blue, deletions are indicated with red dashed lines and single nucleotide substitutions are highlighted in 
magenta. Numbers in the middle of the alignment indicate the number of intervening gaps or bases. Nature and extent of mutations, and frequency of alleles 
observed >1 (x n) are shown to the right of the alignments.  
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4.4 Deletions induced by TALEN combinations can be transmitted to the next 
generation efficiently 
Efficient germ-line transmissions are essential to generate zebrafish with genetic mutations. 
To assess the germ-line transmission rates, injected embryos were raised and screened (see 
section 2.1.2). 
 
For cyc, 10/36 injected fishes (F0) were found to produce 4.5% to 23% F1 progenies (from 
F0 out cross) with deletions. Of these, 9/10 founders yielded embryos with complete TSS 
deletions (Figure 4.10A), 1/10 showed a smaller deletion near cyc.5’TAL2 target site, and 
the same founder also transmitted a second mutation comprising a 187 bp deletion near the 
cyc.5’TAL1 target site, together with a 174 bp inversion and a 14 bp insertion near the 
cyc.5’TAL2 target site (Figure 4.10B). Multiple mutation events were also found in 3/10 
F0s (Figure 4.10A). For sqt, whole-locus deletions were found in 3.3% to 9.5% F1 progeny 
of 6/56 F0s injected with the sqt.TAL pairs (Lim et al., 2013). The germ-line transmission 
rates of the deletions in cyc (27.8%) and sqt (10.7%) were similar to that observed for 
deletions generated by a similar strategy in other genes, and significantly higher than the 
rates of the modifications introduced by homology directed repair (Table 4.6). 
 
Therefore, desired large deletions induced by TALEN combinations can be transmitted to 
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Table 4.6 Mutation frequencies of double nuclease pairs versus homology directed 
repair in Zebrafish 
Frequency of deletions in whole locus (WL) and transcriptional start site (TSS) for cyc and sqt 
compared to large deletions in apoea, and homology directed repair (HDR) at the th, ponzr and 












cyc TSS 4.5%-22.5% 27.8% 36 
This study 
(Lim et al., 2013) 
sqt WL 3.3%-9.5% 10.7% 56 
sqt TSS 3.3%-6.7% 7.1% 28 
apoea -477bp 2%-11% 31.3% 16 
(Gupta et al., 2013) 
apoea -4.2kb 1%-13% 29.4% 17 
sema3fb -43.8kb 0.2%-14.6% 15.7% 19  
dre-mir-126a  
-0.82kb 
21.4% 9.5% 21  
dre-mir-126a  
-0.19kb 
2% 11.1% 9  
     
dre-mir-17a-1 
-dre-mir-92a-1 
    
-1.5kb 11.9%-42.9% 33.3% 15  
-2.1kb 20% 33.3% 3  
-2.6 kb 14.3%-28.6% 22.2% 9 (Xiao et al., 2013) 
-3.2kb 7.1-17.9% 18.2% 11  




14.3%-35.7% 8.3% 36  




6.3%-10.4% 5.0% 40  




1.6%-25% 9.1% 55  
th HDR 6.0% - 29.7% 1.5% 275 (Zu et al., 2013) 
ponzr1 HDR N.A. ~ 1.6% 186 
(Bedell et al., 2012) 
crhr2 HDR N.A. ~ 13.8% 58 
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Figure 4.10 cyc TSS alleles were observed in the progenies of F0 founders. (A) 
Alignment of cyc sequences showing TSS deletions in embryos from F0 founders, 
compared to wild type cyc. Insertions are indicated in red, and gaps are shown by dashed 
lines. Letter suffixes (e.g., 1A and 1B) represent different alleles from the same founder. 
Eight founders injected with cyc TALENs transmitted complete deletion of the 
intervening sequences, some of which also show insertion events. Founder F0-4, shows 
a larger deletion that extends beyond the 3’end of cyc.5’TAL2 target site. Genomic 
coordinates on chromosome 12 for wild type cyc are indicated for the regions shown. 
(B) Alignment of cyc sequence of F0-10 to wild type cyc shows a deletion (dashed 
lines), accompanied by an inversion (yellow highlight) and insertion (red font). 
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4.5 Heritable cyc TSS deletion result in RNA-null allele 
To obtain the stable lines of zebrafish harboring the cyc TSS deletion mutations, positive 
F0s were out crossed and the progeny were grown to adulthood and screened. Five cyc 
TSS deletion alleles were identified from the adult F1s, named cycdTSS1, cycdTSS2, cycdTSS3, 
cycdTSS4 and cycdTSS5. Four of these alleles, cycdTSS1, cycdTSS2, cycdTSS3 and cycdTSS4, have 5’-3’ 
complete deletions with small or no insertions, whereas cyc dTSS5 contains the same mutation 
found in the juvenile F1 screens that has deletions accompanied by inversion and small 
insertion (F0-10A in Figure 4.10B). 
 
To test if the cyc TSS deletions actually abolish cyc RNA expression in mutant embryos, 
cycdTSS4/+ fishes were in-crossed and the progeny with same genotypes were pooled to 
extract RNA for reverse-transcription PCR (RT-PCR). As shown in Figure 4.11B, cyc 
transcript is undetectable in cycdTSS4/dTSS4, and significantly reduced in cycdTSS4/+ compared 
to that in cyc+/+.  
 
To test if the deletion in cyc affects its adjacent genes, the expression of its neighboring 
genes, pald1a and lrrc20, were also examined by RT-PCRs (genomic location shown in 
Figure 4.11A). As shown in Figure 4.11B, the transcription of the genomic adjacent genes 
is unaffected in the cycdTSS4 mutant embryos.  
 
Thus, the cyc TSS deletion does not affect neighboring transcriptional units and the cycdTSS4 
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Figure 4.11 Heritable cyc TSS deletions result in RNA-null alleles. (A) UCSC genome 
browser view of the cyc (ndr2) locus and its neighboring genomic region. (B) RT-PCR 
detecting the expression of cyc RNA and transcripts of neighboring genes, shows lack of 
cyc RNA expression in cycdTSS4/dTSS4 embryos whereas both neighboring genes were 
expressed at wild-type levels. In contrast, cyc RNA is detected in wild-type and 
heterozygous embryos. cyc 1 and cyc 2 are RT-PCRs with different primer sets, which 
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4.6 Discussion 
In this study, a simple, effective and rapid strategy was developed to generate locus specific 
deletions in the zebrafish genome. Using two pairs of TALENs, the whole locus of sqt and 
the region containing the putative transcriptional start site of cyc were precisely removed 
to generate RNA null alleles. The germline transmission rate of the mutant alleles was 
found to be in the range of 7.1%-27.8% in the founders, which is comparable to other 
studies with a similar approach in zebrafish (see Table 4.6). The efficiency of a single 
TALEN pair and double TALEN pairs were compared. Strikingly, the efficiency of double 
TALEN pairs is much higher than that of a single TALEN pair in introducing mutations.  
 
Our study demonstrated that targeted and heritable chromosomal deletions can be rapidly 
generated with a fairly high efficiency in a whole organism (Lim et al., 2013). With this 
strategy, zebrafish can serve as a excellent animal model for analyzing humanized deletions 
and mutations such as those observed in patients with hereditary neuropathies or 
polydactyly (Chance et al., 1993; Klopocki et al., 2012).  
 
4.6.1 Higher efficiency of nuclease combinations  
It was believed that the efficiency of generating large deletions by introducing two DSBs 
should be lower than introducing nucleotide substitutions or small indels from a single 
DSBs (Kim and Kim, 2014), since generating large deletions requires the presence of both 
of the two DSBs at the same time before they get repaired. However, this assumption was 
never tested and is actually opposite of what it is found in this study. Here in my thesis, I 
found that the mutation frequencies introduced by double nuclease are strikingly higher 
than that introduced by single nucleases. More interestingly, among all the mutations 
induced by double nucleases, the majority are 5’-3’ complete deletions. One possible 
explanation is that the two DNA ends of the DSB generate by a single nuclease can be 
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easily repaired. If the DSB is blunt ended, the two DNA ends can be perfectly repaired 
even by the error-prone NHEJ pathway. Though the nuclease-domain used in ZFNs and 
TALENs was derived from FokI nuclease that usually generates 5’-overhangs after 
cleavage, the nuclease-domain in these engineered nucleases might generate DSBs with a 
different signature. This idea is supported by the differences in mutation types induced by 
ZFNs and TALENs (Kim and Kim, 2014). In contrast, double TALENs would introduce 
two DSBs resulting in four DNA ends which would then significantly reduce the chance 
of correct repair. Moreover, since direct ligation of the two outer ends would require only 
one ligation process, the DNA fragment between the two DSBs would have a higher chance 
of being left out and hence deleted from the genome. Therefore, though generating a single 
DSB might be much easier and efficient, the mutation frequencies induced by double DSBs 
can be much higher. 
 
4.6.2 Assessing mutations frequencies 
The use of conventional PCR techniques in quantifying the frequencies of nucleases 
induced mutations or low frequency genetic mutations from genomic DNA pools has been 
suggested to be inaccurate due to the biased amplification of certain fragments (Pohl and 
Shih Ie, 2004; Vogelstein and Kinzler, 1999; Xiao et al., 2013). In this study, though only 
conventional PCR methods were used, they were carefully examined and optimized to 
avoid biased amplification. In general, the amplification bias is very difficult to detect and 
rectify without a proper control. However, in our case, the genomic DNA from the 
heterozygous deletion mutants which can be used as controls were available before we 
started assessing the mutation frequencies in injected embryos. Genomic DNA from the 
heterozygous fish should be of the same quantity and quality as the genomic DNAs from 
wild-type fish, but they contained the mutant and wild-type alleles at 1:1 molar ratio. We 
then tested the PCR at different conditions with these genomic DNA controls. Under 
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standard conditions (1.5 mM Mg2+, 500 nM primer each, no DMSO) with Phusion 
polymerase, the mutant and wild-type product were amplified at approximately 1:1 molar 
ratio (PCR products separated by agarose gel electrophoresis and quantified using the 
method described by Guschin (Guschin et al., 2010)). Thus, the mutation frequencies 
though assessed in this study by conventional PCR techniques, are very likely unbiased.  
 
Recently, digital PCR, in which sample DNAs are partitioned and individual nucleic acid 
molecules are separately amplified, has been widely applied to assess mutation frequencies 
in various studies (Pohl and Shih Ie, 2004). It is a more reliable approach for the evaluation 
of deletion efficiencies since each DNA molecule is individually amplified. Moreover, the 
commercialized digital PCR system significantly reduces the complexity and human errors 
introduced during the experiment, which make it a perfect tool for researchers to perform 
their studies.  
 
4.6.3 Comparisons between TALEN and CRISPR/Cas9 
There are four major concerns while choosing nucleases for genome editing: target 
availability, specificity, efficiency and ease of construction.  
 
Target availability 
The guide RNA directs the Cas9 protein to a 20 nucleotide target site on the genomic DNA 
and the target has to be immediately followed by a protospacer adjacent motif (PAM) 
sequence, NGG (Kim and Kim, 2014). Although gRNA targets followed by -NAG PAM 
sequence are also found in nature, the cleavages by Cas9 are not efficient (Kim and Kim, 
2014). Moreover, the promoters that are used to express gRNA in vivo or in vitro usually 
require one or two guanines at the 5’ end of the gRNA sequence to achieve efficient 
transcription. This requirement further limits the availability of CRISPR targets. TALENs, 
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on the other hand, can target almost any genomic DNA sequence. The only limitation for 
the TALEN target selection seems to be the thymine at most 5’ end of TALEN targets. 
TALENs, however, are sensitive to methylations whereas CRISPR/Cas9 can cleave 
methylated DNA efficiently.  
 
Specificity 
Both TALEN and CRISPR/Cas9 can target genomic DNA with high specificity. 
CRISPR/Cas9 achieves its specificity through the gRNA that targets a 20 nucleotide site 
on the chromosome and has to be immediately followed by a PAM sequence. However, it 
is found that the gRNA can tolerate, depending on contexts, up to five mismatches (Fu et 
al., 2013). In addition, high levels of off target cleavages were observed (Hsu et al., 2013). 
Though recent studies demonstrate that several ways can significantly improve the 
specificity of CRISPR/Cas9 nuclease, such as shortening the gRNA length (Fu et al., 2014) 
and using paired Cas9 nickases (Ran et al., 2013), these methods also reduce cleavage 
efficiency or target availability. Compared to CRISPR/Cas9, TALEN is shown to have 
lower levels of off-target activity, due to its longer target sequence and low mismatch 
tolerance (Kim and Kim, 2014; Veres et al., 2014). 
 
Efficiency 
Both CRISPR/Cas9 and TALEN are shown to cleave genomic DNA at high efficiency in 
various organisms (Kim and Kim, 2014). In zebrafish, there are examples showing that 
both CRISPR/Cas9 and TALEN can modify target genes with efficiency up to 97-98% 
(Hruscha et al., 2013; Zu et al., 2013). 
 
Ease of construction 
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CRISPR/Cas9 is much easier to design. For each target, only the first 20 nucleotides at the 
5’ end of the gRNA that specifies the target need to be modified. On the other side, TALEN 
construction usually takes multiple rounds of cloning and a large number of constructs 
needed to be used. Moreover, since TALEN is sensitive to DNA methylation, the 
methylation information of the target sequence is required to decide the usage of special 
RVDs (N*) for the 5-methyl cytosine.  
 
Taken together, though TALEN has more available target sites and less off targets, 
CRISPR/Cas9 is getting much more popular in genome editing due to its ease of design 
while achieving similar efficiency compared to TALEN. In addition, CRISPR/Cas9 is a 
better option over TALEN for multiplex genome editing due to the lower complexity of 
providing multiple gRNAs. For making large genomic deletions, using a pair of gRNAs 
with Cas9 can achieve similar germ line mutation rates (Xiao et al., 2013) compared to 
which is done with double TALEN pairs (this thesis and (Gupta et al., 2013)).  
 
4.6.4 Introducing large sequences into zebrafish genome with preciseness 
The ability to introduce large DNA sequences, such as sequence that encodes egfp, at 
precise locations will be invaluable for zebrafish research. Though many studies have 
shown that various types of mutations can be introduced into the zebrafish genome 
efficiently via NHEJ induced by engineered nucleases, most of these mutations are 
deletions and the exact sequence of the mutations cannot be pre-determined  (Auer et al., 
2014; Gupta et al., 2013; Huang et al., 2011; Hwang et al., 2013; Kim and Kim, 2014; Xiao 
et al., 2013). Recently, it was reported that a desired genomic sequence can be precisely 
modified using engineered nucleases with short single-stranded oligonucleotides (Bedell 
et al., 2012; Hwang et al., 2013). In Bedell’s study, short sequences containing EcoRV or 
mloxP site were introduced at the desired location and these modifications were transmitted 
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through the germ line. Moreover, other studies showed that large sequences can be 
introduced to the target location precisely (Chang et al., 2013; Zu et al., 2013). Though 
these studies demonstrate the possibility that the zebrafish genome can be edited accurately 
as designed, there are some limitations. In Bedell’s study, although the short sequence that 
contains mloxP site can be introduced and transmitted though germ line with a reasonable 
efficiency (~13%), it was too short to contain any coding sequences of protein tags. In Zu’s 
study, although the EGFP coding sequence was introduced, the germ line transmission rate 
was too low (~1.5%). Therefore, better approaches need to be developed to introduce large 
locus-specific sequences with high efficiency.  
 
A recent study by Ruff and colleagues provided a novel idea of improving the efficiency 
of nuclease-induced HDR (Ruff et al., 2014). In this study, the authors showed that the 
efficiency of nuclease-induced HDR is significantly increased when the template DNA was 
brought to a close proximity to the DSB site. A specific sequence, called aptamer that binds 
to the endonuclease I-SceI (nuclease used to generate DSB) was fused to the HDR donor 
sequences. Since the aptamer binds to the I-SceI, the donor sequences will be recruited to 
the I-SceI target site when I-SceI is cleaving DNA targets. By this approach, the authors 
were able to improve the efficiency of nuclease-induced HDR by up to 32-fold in yeast. In 
the future, it may be possible to engineer the prevailing Cas9 nucleases with this aptamer 
concept. By fusing a customizable DNA binding domain, such as ZFNs or TALEs, to the 
Cas9 nuclease, it should be possible to bring double-stranded donor DNA (containing 
TALE binding site) to close proximity of the target site and therefore enhance HDR 
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6.1 Theory and models used in FCS/FCCS 
This chapter is for the reference of FCS/FCCS details and is provided by my collaborator 
Wang Xi from the Biophysical Fluorescence Laboratory at the Department of Biological 
Sciences, NUS. 
 
6.1.1 Auto-correlation function (ACF) 
The normalized auto-correlation function is defined as:  
𝐺(𝜏) =
〈𝐹(𝑡) ∙ 𝐹(𝑡 + 𝜏)〉
〈𝐹(𝑡)〉2
 
F(t) is the fluorescence intensity at time t, and τ is the shifted time. 〈𝐹(𝑡)〉 here denotes 








Since F(t) can be express as:  
𝐹(𝑡) = 𝛿𝐹(𝜏) + 〈𝐹〉 
where δF(τ) is a transient deviation of the fluorescence intensity from its 
average value and 〈𝛿𝐹(𝜏)〉 = 0, Eq1.1 can be written as:  
𝐺(𝜏) =
〈𝐹(𝑡) ∙ 𝐹(𝑡 + 𝜏)〉
〈𝐹(𝑡)〉2
=
〈(𝛿𝐹(𝑡) + 〈𝐹〉)(𝛿𝐹(𝑡 + 𝜏) + 〈𝐹〉)〉
〈𝛿𝐹(𝜏) + 〈𝐹〉〉2
 
          =







6.1.1.1 Theoretical ACF models 
In FCS measurements, it is assumed that all fluorescence fluctuations only arise from local 
concentration (δC) changes within the observation volume. Therefore, the fluorescence 
intensity F(t) and its fluctuation δF(t) can be written as:  











𝛿𝐹(𝑡) = 𝜅𝜎𝑞 ∫ 𝑊(𝑟)𝛿𝐶(𝑟, 𝑡)𝑑𝑟 
where κ denotes the overall detection efficiency, σ is the molecular absorption cross-section, 
q is the fluorescence quantum yield. 𝑊(𝑟) describes the spatial distribution of the emitted 
light and is proportional to the product of the spatial intensity profile of the exciting laser 
beam and fluorescence detection probability. Substituting Eq1.5 and Eq1. 6 
into Eq1.4 yields: 
𝐺(𝜏) =
(𝜅𝜎𝑞)2 ∬ 𝑊(𝑟)𝑊(𝑟′) 〈𝛿𝐶(𝑟, 𝑡)𝛿𝐶(𝑟′, 𝑡 + 𝜏)〉𝑑𝑟𝑑𝑟′
(𝜅𝜎𝑞〈𝐶〉 ∫ 𝑊(𝑟)𝑑𝑟)2
+ 1 
where 〈𝐶〉 is the mean concentration. 
 
Eq1.7 can be solved for different illumination profiles and functions that describe the 
fluctuations of fluorescent particles. In the case of one-component three-dimensional (3D) 
free diffusion, the correlation of the concentration fluctuation part can be described by a 
diffusion propagator (Weidemann et al., 2002): 






where D is the diffusion coefficient. In a typical confocal based FCS setup, the illumination 











where 𝐼0 = 2𝑃/𝜋𝜔0 is the excitation intensity at the center of the laser beam. P denotes 
the laser power, ω0 and z0 denote the lateral and axial distances at which the intensity of 
the laser has decreased to 1/e2 of the maximum at the center. I0 is usually combined with κ, 
σ and q in Eq1.5, Eq1.6 and Eq1.7 as a single parameter which denotes the photon count 







signal-to-noise ratio and can be experimentally determined by dividing the average 

























2 + 1 































2𝑧 is defined as effective volume Veff of the 3D Gaussian profile used in Eq1.9. 































N is the apparent number of particles in the observation volume. τd is the average time that 
particles take to move through the volume. And G∞, which denote the correlation in infinite 
measurement times, can slightly differ from 1 in actual measurements that are performed 
in finite time window. 
   
Since Eq1.12 describes a 3D free diffusion model, the ACF can split into three components:  






























However, if particles only diffuse in two dimensions, only 𝑔𝑥 and 𝑔𝑦 are required to 


























where αi is the ratio of the brightness of the ith species to the brightness of the first species 
(i/1) and Fi is the mole fraction of the ith species, 
and for 3D diffusion: 













for 2D diffusion: 







In biological systems, sometimes two-component diffusion models have to be used. For 
example, some molecules bind with large partners and present a fast free diffusing 
component and a slow diffusing for the bond complexes. Therefore, if the brightness of 





































) + 𝐺∞ 
 
Since the triplet states of the fluorescent molecules are often not negligible, a function 
that describes triplet state kinetic needs to be multiplied with the correlation functions. 




𝑔𝑡𝑟𝑖𝑝𝑔3𝐷 + 𝐺∞ 


















] + 𝐺∞ 




𝑔𝑡𝑟𝑖𝑝𝑔2𝐷 + 𝐺∞ 













where Ftrip denotes the fraction of the particles at triplet state, and τtrip denotes the 
relaxation time of the triplet state. 
 
6.1.1.2 Parameters for fitting 
Fitting the experimental data with appropriate models allows us to extract useful 
information including the number of particles (N) and their diffusion time (τd) in the 
observation volume. Moreover, local concentrations and diffusion coefficients can be 
calculated with equations described in the previous section (Eq1.13 and Eq1.14). The 








are pre-determined by using a dye solution with diffusion coefficient that are known. The 





where k denotes Boltzmann’s constant, T is the absolute temperature,  denotes the solution 
viscosity and r is the hydrodynamic radius of the molecule. The diffusion time should be 
proportional to the cubic root of molecular mass, if the solute molecule is assumed to be a 
perfect sphere with uniform mass density. In that case, large molecules diffuse slower, and 
a longer decay time of ACF should be observed. 
 
The amplitude of the ACF, G(0), is a reciprocal of the number of particles (N) in the 








Therefore, the amplitudes of the ACF decreases when local concentration of the particles 
increases. In situations that multiple fluorescent particles with different brightness (ico-






and as a result, the amplitude of the ACF is biased towards the species with higher 
 
6.1.2 Cross-Correlation Function 
The normalized CCF is defined as:  
𝐺𝑥(𝜏) =
〈𝐹𝑔(𝑡) ∙ 𝐹𝑟(𝑡 + 𝜏)〉
〈𝐹𝑔(𝑡)〉〈𝐹𝑟(𝑡)〉
 









FCCS determines the binding properties of two molecules based on the amplitude of the 
CCF instead of diffusion changes. The molecular reaction of a 1:1 binding stoichiometry 
is described as: 
𝐺 + 𝑅 ↔ 𝐺𝑅 
With the assumption that brightness of the fluorescent particle remains constant upon 
binding, the amplitude of the CCF is calculated by: 
𝐺𝑥(0) =
𝑁𝑔𝑟
(𝑁𝑔 + 𝑁𝑔𝑟)(𝑁𝑟 + 𝑁𝑔𝑟)
  
where Ni are the particle numbers of free species (N) and Ngr denotes the N of observed 
complexes. As previously described, the amplitude of the ACF from two channels is a 




















6.1.2.1 Quantification of bimolecular interactions  
The amplitude of ACF and CCF is always influenced by crosstalk and background noise 
in real experiments. Crosstalk refers to the leakage of fluorescent from one channel to 
another. The influence of crosstalk can be removed by applying pulsed interleaved 
excitation (PIE) (Kapanidis et al., 2004; Müller et al., 2005), or by treating crosstalk as an 










In biological studies, the amplitude of ACF is usually lower than theoretically predicted 
due to the lower brightness of the fluorescent proteins (Normally 0.5-5kHz) and the 
background auto-fluorescence from biological samples. To correct the deviations in FCS, 
a background factor needs to be added into the amplitude calculations, with the assumption 
that all detectable backgrounds appear randomly but not correlated. If any background 
signal does not meet this assumption, it has to be treated as a separate specie.  




(∑ 𝜂𝑖𝑁𝑖 + 𝛽)2
 









































































Table 6.1 Parameters in concentration calculation 
 
  
Parameters Represents Determined by 
𝛽𝑔, 𝛽𝑟 
Uncorrelated background count rate in 
the green and red channels 
Pre-determined by experiment 





cps for green and red molecules in 
their corresponding channels 
𝜂𝑔
𝑔 and 𝜂𝑟
𝑟are obtained from 
the division of the average 
intensity in each channel with 
the number of particles of 





𝑟  are 
determined when only red 




𝑟  Crosstalk cps 
𝑞𝑔, 𝑞𝑟 
Correction factors that account for 
changes in cps during binding via 
processes such as quenching or FRET 
for the green and red molecules 
Estimated by difference in cps 
between free and bond 




Since the value of Gg(0), Gr(0) and Gx(0) calculated from curve fitting and the value of 
other parameters can be pre-determined in control experiments (Table 6.1), Eq1.36, 
Eq1.37 and Eq1.38 can be solved to get the concentrations of green particles (Cg), red 
particles (Cr) and green-red complex (Cgr). Thus, the complex percentage (percentage of 








Since the number of possible complexes is limited by lower concentration species, the 
larger value from Eq1.39 or Eq1.40 was used to present the percentage of complexes. 
Moreover, to determine the dimerization percentage of Sqt, a special situation that Sqt-
EGFP and Sqt-mCherry not only form Sqt-EGFP-Sqt-mCherry heterodimers, but also form 
Sqt-EGFP-Sqt-EGFP and Sqt-mCherry-Sqt-mCherry homodimer, needs to be considered. 
Sqt-EGFP-Sqt-mCherry heterodimer contributes to the dimerization percentage in Eq1.40. 
Based on the assumption that the g-g, r-r, g-r, and r-g dimers is formed with equal 
possibilities, and the occurrence of these dimers only depends on the absolute amounts of 













































































The probabilities of finding g or r particles are: 
𝑃𝑔 =















𝐶𝑔𝑟 = 2𝑃𝑑𝑖𝑚𝑒𝑟𝑃𝑔𝑃𝑟𝐶𝑡𝑜𝑡 







𝐶𝑔 + 2𝐶2𝑔 + 𝐶𝑔𝑟








𝐶𝑟 + 2𝐶2𝑟 + 𝐶𝑔𝑟
2(𝐶𝑔 + 2𝐶2𝑔 + 𝐶𝑔𝑟)
 
Eq1.42, Eq1.43 and Eq1.38 together with Eq1.49 and Eq1.50 are then numerically solved 
for Cg, Cr, C2g, C2r, and Cgr. The complex percentage is calculated as: 

















To quantify the binding properties of two particles, the dissociation constant Kd, which is 
a reciprocal of binding affinities, is calculated. Using the Cg, Cr and Cgr determined from 
FCCS, Kd is calculated as:  
𝐾𝑑 =
𝐶𝑔 × 𝐶𝑟
𝐶𝑔𝑟
 (Eq1.52) 
